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Abstract—In this paper, a non-stationary wideband geometry-
based stochastic model (GBSM) is proposed for multiple-input
multiple-output (MIMO) high-speed train (HST) channels. The
proposed model employs multiple confocal ellipses model, where
the received signal is a superposition of the line-of-sight (LoS)
and single-bounced rays. Because of the time-varying feature
of angles of arrival (AoAs), angles of departure (AoDs), and
LoS angle, the proposed GBSM has the ability to investigate the
non-stationarity of HST environment caused by the high speed
movement of the receiver. From the proposed model, the local
spatial cross-correlation function (CCF) and the local temporal
autocorrelation (ACF) are derived for different taps. Numerical
results and analysis show that the proposed channel model is
capable of characterizing the time-variant HST wireless channel.

I. INTRODUCTION

As a fast and convenient public transportation system, high
speed railways have experienced a lot of attentions recently.
This has led to a rapid development and implementation of
these systems around the world. With the increase in the
speed of trains, existing wireless communication systems face
several challenges such as fast handover [1], high penetration
losses, limited visibility in tunnels, varying Doppler, delay,
and angular spreads. Railway communication systems need to
overcome these challenges to provide reliable communications
and satisfy the growing demand of broadband services from
HST passengers. The widely used Global System for Mobile
Communication Railway (GSM-R) can only provide a data
rate of less than 200 kbps [2], besides the fact that GSM-R is
mainly used for train control rather than providing communi-
cations for train passengers. Therefore, GSM-R cannot meet
the requirements for future high speed data transmissions and
International Union of Railways recommended that GSM-R
has to be replaced by Long Term Evolution Railway (LTE-R)
which is a broadband railway wireless communication system
based on LTE-Advanced (LTE-A) [3]. However, both systems

adopt conventional cellular architecture that leads to a spotty
coverage and high penetration losses of wireless signals travel-
ling through the metal carriages of HSTs [4]. This problem can
be avoided by using mobile relay station (MRS) (or Mobile
Femtocell) technology [5]. Dedicated MRSs are deployed on
the surface of the train to extend the coverage of the outdoor
base station (BS) and reduce the number of dropped calls.
It can also reduce the effect of the frequent handover by
performing a group handover with the MRS instead of dealing
with the individual handover of each passenger [6]. This
promising technology has been adopted by IMT-Advanced
(IMT-A) [7] and WINNER II [8].
Demonstrating the feasibility of those systems before im-

plementation is not possible without accurate channel models
that are able to mimic the key parameters of wireless chan-
nels, such as the non-stationarity, in HST scenarios. Several
measurement campaigns for HST environments have been con-
ducted but they mainly focused on large scale parameters, like
path losses and delay spread and ignored other propagation
characteristics [9]. Channel models in the literature have also
failed to demonstrate the different propagation parameters of
wireless channels in high velocity scenarios. Without using
the MRS technology for HST scenarios, the LTE-A system
[3] provided a relatively simple single-path fast fading channel
model. In [10], the propagation channels between HSTs and
fixed BSs were modeled using the ray-tracing method which
incorporates a detailed simulation of the actual physical wave
propagation process based on Maxwell equations. However,
the implementation of ray-tracing models always requires
extensive computational resources.
In both the rural macro-cell (RMa) scenario in WINNER II

[8] and moving networks scenario in IMT-A channel models
[7], the train speed can be up to 350 km/h and the MRS
technology is employed. Both channel models assumed that
the HST channel satisfies the wide-sense stationary uncorre-
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lated scattering (WSSUS) condition which has been proved to
be incorrect by measurements [11]. In [9], a non-stationary
time-varying GBSM for HST communication systems using
MRS was proposed. However, the model only considers the
LoS angle and the travel times of the waves between the
BS and MRS as time-variant parameters. This paper aims to
extend the model in [9] by investigating other time-varying
parameters, such as AoAs and AoDs, and deriving other
statistical properties, like the local spatial CCF and the local
temporal ACF.
The rest of this paper is organized as follows. A GBSM

for MIMO HST channels is proposed in Section II. In Section
III, the statistical properties of the GBSM are derived. The
numerical results and the analysis are presented in Section IV.
Finally, the conclusions are drawn in Section V.

II. THE GBSM

We adopt the IMT-A network structure for the HST commu-
nication system where MRSs are deployed on the surface of
the train. Therefore, the end-to-end communication between
the BS and MS will consist of two channels: an outdoor
channel between the BS and the MRS and an indoor one
that connects the MRS with the MSs inside train carriages
as illustrated in Fig. 1. Here, we will focus on the outdoor
channel because of the challenges that this channel faces due
to the high velocity of the receiver. We consider a MIMO
HST communication system with S transmit and U receive
omni-directional antenna elements. The BS is considered to
be located on the track-side (Dmin = 50 m) as in [8]. Both
the BS and MRS are equipped with multiple antennas at
equivalent heights. Fig. 2 illustrates the geometry of the
proposed GBSM, which consists of multiple confocal ellipses
with single-bounced rays and the LoS component [12]. For
clarity purposes, in this figure, we use a 2x2 MIMO channel
model as an example.
Based on the tapped delay line (TDL) structure, the taps

are represented by multiple confocal ellipses with the BS and
MRS located at the foci where there are N effective scatterers
on the ith ellipse (i.e., ith tap), where i=1, 2, ..., I and I is
the total number of ellipses or taps. The semi-major axis of
the ith ellipse and the nith (ni=1, ..., N ) effective scatterer
are denoted by ai and s(ni), respectively. The initial distance
between the BS and MRS is Ds = 2f with f representing half
of the distance between the two focal points of ellipses. The
antenna element spacings at the BS and MRS are denoted
by δT and δR, respectively. The multi-element antenna tilt
angles are denoted by βT and βR. The MRS moves with
the train with speed υR in the direction determined by the
angles of motion γR. The AoA of the wave traveling from an
effective scatterer s(ni) to the MRS is denoted by φ(ni)

R (t).
The AoD of the wave that impinges on the effective scatterer
s(ni) is denoted by φ(ni)

T (t), while φLoSTp
(t) denotes the AoA of

a LoS path. Because of the high speed of the receiver, the HST
channel is non-stationary and as a result, the aforementioned
channel parameters (i.e., φ(ni)

R (t), φ(ni)
T (t), and φLoSTp

(t)) are
time-variant.

Based on the TDL concept, the complex impulse response
between the pth (p=1, ..., S) element of the BS, Tp, and the
qth (q=1, ..., U ) element of the MRS, Rq , can be expressed
as hpq (t, τ ′) =

∑I
i=1 hi,pq (t) δ(τ

′−τ ′i), where hi,pq (t) and
τ ′i denote the complex time-variant tap coefficient and the
discrete propagation delay of the ith tap, respectively. From
the above GBSM, the complex tap coefficient for the first tap
of the Tp −Rq link is a superposition of the LoS component
and single-bounced components, and can be expressed as

h1,pq (t) = hLoS1,pq (t) + hSB1,pq (t) (1)

where

hLoS1,pq (t) =

√
Kpq

Kpq + 1
e−j2πfcτpq(t)

×ej
[
2πfmaxt cos

(
φLoSTp

(t)−γR
)]

(2a)

hSB1,pq (t) =

√
1

Kpq + 1

N∑
n1=1

1√
N
ej(ψn1−2πfcτpq,n1(t))

×ej
[
2πfmaxt cos

(
φ
(n1)

R (t)−γR
)]
. (2b)

The complex tap coefficient for other taps (1 < i ≤ I) of the
Tp−Rq link is a sum of single-bounced components only and
can be expressed as

hi,pq (t) = hSBi,pq (t) =

N∑
ni=1

1√
N
ej(ψni

−2πfcτpq,ni
(t))

×ej
[
2πfmaxt cos

(
φ
(ni)

R (t)−γR
)]
, 1 < i ≤ I. (3)

In (2) and (3), the total power for each tap is normalized
to 1, τpq(t) = εpq(t)/c and τpq,ni(t) = (εpni(t)+εniq(t))/c
(i = 1, 2, ..., I) are the travel times of the waves through the
link Tp − Rq and Tp − s(ni) − Rq, respectively, as shown in
Fig. 2. Here, c represents the speed of light andKpq designates
the Ricean factor. The phases ψn1 and ψni are independent and
identically distributed (i.i.d.) random variables with uniform
distributions over [−π, π) and fmax is the maximum Doppler
frequency with respect to the MRS.
From Fig. 2 and based on the law of cosines, we have

εpq(t) ≈ |Ds−vRt|−kpδT cosβT−kqδR cos(φLoSTp
(t)−βR) (4a)

εpni(t)≈ ξ
(ni)
T (t)−kpδT cos

(
φ
(ni)
T (t)−βT

)
(4b)

εniq(t)≈ ξ
(ni)
R (t)−kqδR cos

(
φ
(ni)
R (t)−βR

)
(4c)

where kp = (S−2p+1)/2, kq = (U−2q+1)/2, ξ(ni)
T (t) =(

a2i(t)+f
2(t)+2ai(t)f(t) cosφ

(ni)
R (t)

)
/
(
ai(t)+f(t) cosφ

(ni)
R (t)

)
,

and ξ
(ni)
R (t) = b2i (t)/

(
ai(t)+f(t) cosφ

(ni)
R (t)

)
with

f(t) = |f − vRt|. Here, bi(t) denotes the time-varying
semi-minor axis of the ith ellipse and is defined by
bi(t) =

√
a2i (t)− f2(t), where ai(t) = |ai − vRt| and

Ds(t) = |Ds − vRt|. Based on the geometric relations in
Fig. 3 and similar to the method provided in [13], the
time-varying AoA φ

(ni)
R (t) can be derived and expressed as
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φ
(ni)
R (t)=

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

γR − arccos

⎛
⎝ vRt−ξ(ni)

R (t0) cos
(
γR−φ(ni)

R (t0)
)

√
ξ
2 (ni)

R (t0)+(vRt)
2−2ξ

(ni)

R (t0)vRt cos
(
γR−φ(ni)

R (t0)
)

⎞
⎠ , 0 ≤ t ≤ 2Ds

vR

γR + arccos

⎛
⎝ vRt−ξ(ni)

R (t0) cos
(
γR−φ(ni)

R (t0)
)

√
ξ
2 (ni)

R (t0)+(vRt)
2−2ξ

(ni)

R (t0)vRt cos
(
γR−φ(ni)

R (t0)
)

⎞
⎠ , 2Ds

vR
< t ≤ 4Ds

vR

(5)

———————————————————————————————————————————————————–
where ξ(ni)

R (t0) and φ
(ni)
R (t0) denote the initial s(ni)-MRS

distance and the initial AoA, respectively. Note that the AoD
φ
(ni)
T and AoA φ

(ni)
R are interdependent for single-bounced

rays. The relationship between the AoD and AoA for multiple
confocal ellipses model can be expressed as [14]

sinφ
(ni)
T (t)=

b2i (t) sinφ
(ni)
R (t)

a2i (t)+f
2(t)+2ai(t)f(t) cosφ

(ni)
R (t)

(6a)

cosφ
(ni)
T (t)=

2ai(t)f(t) +
(
a2i (t) + f2(t)

)
cosφ

(ni)
R (t)

a2i (t) + f2(t) + 2ai(t)f(t) cosφ
(ni)
R (t)

. (6b)

The time-variant LoS AoA φLoSTp
can be expressed as [3]

φLoSTp
(t)=

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

arccos

(
Ds−vRt√

D2
min+(Ds−vRt)2

)
, 0 ≤ t ≤ 2Ds

vR

arccos

(
−1.5Ds+vRt√

D2
min+(−1.5Ds+vRt)

2

)
, 2Ds

vR
< t ≤ 4Ds

vR

φLoSTp

(
t mod

(
4Ds

vR

))
, t > 4Ds

vR
.

(7)

III. STATISTICAL PROPERTIES OF NON-STATIONARY HST
MIMO CHANNEL MODELS

The statistical characterization of GBSMs for WSSUS
MIMO channels has been investigated extensively, e.g., in
[15]–[18]. In contrast, only few papers [9], [19], [20] have
studied the statistical properties of GBSMs for non-stationary
channels [21], [22]. For the proposed non-stationary HST
GBSM, we will derive the corresponding correlation proper-
ties, i.e., the local spatial CCF and the local temporal ACF.
For non-stationary systems, the local spatial CCF depends

on not only the BS and MS antenna element spacings but also
time t. Therefore, the local spatial CCF can be expressed as

ρpq,p′q′(t, δT , δR)=E
{
hi,pq(t)h

∗
i,p′q′(t)

}
(8)

where (·)∗ denotes the complex conjugate operation and E {·}
designates the statistical expectation operator.
1) In the case of the LoS component

ρLoSpq,p′q′ (t, δT , δR)= K ′ej2π
[
P cos βT−Q cos

(
φLoSTp

(t)−βR

)]
(9)

where P = (p′−p) δT /λ, Q = (q′ −q) δR/λ, and K ′ =√
KpqKp′q′

(Kpq+1)(Kp′q′+1)
.

2) In terms of the single-bounced components

ρSBi

pq,p′q′(t, δT , δR)=
1

UN

N∑
ni=1

e
j2πP cos

(
φ
(ni)

T (t)−βT

)

×ej2πQ cos
(
φ
(ni)

R (t)−βR

)
(10)

where U=
√

(Kpq + 1) (Kp′q′ + 1) only appears for the first
tap, i.e., i = 1.
The local temporal ACF for non-stationary systems depends

on the time difference τ and time t and can be expressed as

r(t, τ)=E
{
hi,pq(t)h

∗
i,pq(t+ τ)

}
. (11)

1) In the case of the LoS component

rLoS(t, τ)=
Kpq

1 +Kpq
ej2πvR

τ
λ e

j2πfmax cos
(
φLoSTp

(t+τ)−γR
)
τ
. (12)

2) In terms of the single-bounced components

rSBi(t, τ)=
1

(1 +Kpq)N

N∑
ni=1

ej2πξ
ni
TR(t,τ)

×e−j2πfmax cos
(
φLoSTp

(t+τ)−γR
)
τ (13)

where ξni

TR (t, τ) = ξni

T (t+ τ)−ξni

T (t)+ξni

R (t+ τ)−ξni

R (t)
and Kpq only appears for the first tap.
The statistical properties of the first tap can be easily

obtained by substituting (1) into (8) and (11) to get the local
spatial CCF and local temporal ACF, respectively.

ρ1pq,p′q′(t, δT , δR)=ρ
LoS
pq,p′q′(t, δT , δR) + ρSB1

pq,p′q′(t, δT , δR)(14a)

r1(t, τ)= rLoS(t, τ) + rSB1(t, τ). (14b)

Similarly and based on (3), the local spatial CCF and local
temporal ACF of the rest of the taps (1 < i ≤ I) can be
expressed as

ρipq,p′q′(t, δT , δR) = ρSBi

pq,p′q′(t, δT , δR) , 1 < i ≤ I (15a)

ri(t, τ) = rSBi(t, τ), 1 < i ≤ I. (15b)

IV. NUMERICAL RESULTS AND ANALYSIS

In this section, based on the derived local spatial CCF and
local temporal ACF in Section III, the statistical properties
of the proposed HST MIMO channel model are numerically
evaluated and analyzed. Based on the moving networks sce-
nario in [8] that was designed based on some measurements
in HST environments, the following parameters were used for
the numerical analysis: the carrier frequency fc = 6 GHz, vR
= 360 km/h, fmax = 2 KHz, Ds = 500 m, Dmin = 50 m,
a1 = f+ 150 m, a2 = f+ 180 m, γR = 30◦, and the LoS
Ricean factor Kpq = Kp′q′ = 6 dB. We use a uniform antenna
array with U = S = 2 and βR = βT = 60◦. By adopting a BS
antenna element spacing δT = λ, the absolute value of the local
spatial CCF of the non-stationary HST MIMO channel model
for the first and second taps are illustrated in Figs. 4 and 5,
respectively. In both taps, the local spatial CCF changes with
time t due to the non-stationarity of the channel. However, the
correlation of the first tap is showing higher values than the
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second one because of the LoS component that is dominant
in HST scenario [3], [7] and [8].
Figs. 6 and 7 show the absolute values of the local temporal

ACF for the first and second taps, respectively. It can be seen
from these two figures how the ACF of the proposed non-
stationary GBSM varies with time t. Similar to the local spatial
CCF, it can be noticed that the LoS component in the first
tap will increase considerably the value of the correlation in
comparison with the second tap that contains single-bounced
components only.

V. CONCLUSIONS

In this paper, we have proposed a non-stationary wideband
MIMO HST GBSM for the outdoor channel of HST com-
munication system. Because of its time-varying parameters,
the proposed channel model, that takes into account the LoS
component and single-bounced rays, enables us to study the
time-varying channel statistics. From this model, we have
derived the local spatial CCFs and local temporal ACFs
for different taps. Numerical results have proved that the
stationary assumption is violated for HST channels. They
also demonstrated the effect of the LoS component on the
correlation properties of the HST channel.
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Fig. 4. The absolute values of the local spatial CCF of the first tap
of the proposed HST channel model.
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tap of the proposed HST channel model.

Fig. 6. The absolute values of the local temporal ACF of the first
tap of the proposed HST channel model.
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Fig. 7. The absolute values of the local temporal ACF of the second
tap of the proposed HST channel model.
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