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Abstract—The recent development of high-speed trains (HSTs),
as a high-mobility intelligent transportation system (ITS), and the
growing demands of broadband services for HST users introdoe
new challenges to wireless communication systems for HSTEhe
deployment of mobile relay stations (MRSs) on top of the trai
carriages is one of the promising solutions for HST wireless
systems. For a proper design and evaluation of HST wireles®m-
munication systems, we need accurate channel models thatrca
mimic the underlying channel characteristics for different HST
scenarios. In this paper, a novel non-stationary geometrjpased
stochastic model (GBSM) is proposed for wideband multiple-
input multiple-output (MIMO) HST channels in rural macro-
cell (RMa) scenarios. The corresponding simulation modelsi
then developed with angle parameters calculated by the mofied
method of equal areas (MMEA). Both channel models can also
be used to model non-stationary V2l channels in vehicular
communication networks. The system functions and statistal
properties of the proposed channel models are investigated
based on a theoretical framework that describes non-statizary
channels. Numerical and simulation results demonstrate tat the
proposed channel models have the capability to characterizthe
non-stationarity of HST channels. The statistical propertes of
the simulation model, verified by the simulation results, ca
match those of the proposed theoretical GBSM. An excellent
agreement is achieved between the stationary intervals ote
proposed simulation model and those of relevant measuremén
data, demonstrating the utility of the proposed channel moels.

Index Terms — High-speed train (HST) channels, vehicle-to-
infrastructure (V2I) channels, GBSM, non-stationary MIMO
channel models, statistical properties.
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I. INTRODUCTION

Intelligent transportation systems (ITSs) consider glety
of communications between vehicles, i.e., vehicle-toisleh
(V2V), vehicle-to-roadside (V2R) or vehicle-to-infrastture
(V2I), and information and communication technologies for
rail, water, and air transport [1], [2]. As a fast and conegrti
ITS, railways that operate trains with a high speed of moaa th
300 km/h have attracted more and more attentions recently.
With the increase of train speeds, wireless communication
systems face various challenges such as fast handoveidB], h
penetration losses, limited visibility in tunnels, largepler,
delay, and angular spreads. The widely used Global System fo
Mobile Communication Railway (GSM-R) can only provide a
data rate of up to 200 kbps [4], besides the fact that GSM-R
is mainly used for train control rather than providing com-
munications for train passengers. Therefore, GSM-R cannot
meet the requirements for future high data rate transnmissio
International Union of Railways has 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) [5]. However, both
systems still adopt conventional cellular architectureereh
mobile stations (MSs) inside trains communicate directihw
outdoor base stations (BSs). Such an architecture leads to a
spotty coverage and high penetration losses of wirelesslsig
traveling into the carriages of high-speed trains (HST$) [6
The received signals at the MS on board will experience fast
changing channels resulting in high signaling overhead and
high possibility of drop calls and handover failure.

The above problems can be mitigated by deploying other
cellular architectures, such as distributed antenna msste
(DAS) [7], coordinated multipoint (CoMP) [8], and mobile
relay station (MRS) (or Mobile Femtocell) [9]. In this paper
we will only consider using the promising MRS technology,
as this has been adopted by IMT-Advanced (IMT-A) [10] and
WINNER Il [11] systems. This is performed by deploying
dedicated MRSs on the surface of the train to extend the
coverage of the outdoor BS into train carriages. As a result,
the effect of frequent handover will be significantly reddice
by performing a group handover with the MRS instead of
dealing with the individual handover of each passenger.[12]
By considering MRS solution, we will have two channels:
an outdoor channel between the BS and MRS and an indoor
one between the MRS and MS. Radio channels between the
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MRS and MSs in the carriages resemble indoor environments) We study the system functions and CFs of non-stationary
and hence can be modeled using the existing indoor channel channel models and propose a theoretical framework for
models [13]. Here, we will focus on the outdoor channel deriving the corresponding statistical properties.
because of the research challenges due to the high veloci®) By considering the deployment of MRS in HST com-
of the MRS. This outdoor channel is very similar to a V21  munication systems, we propose a theoretical geometry-

communication channel. based stochastic model (GBSM) for wideband non-
Demonstrating the feasibility of wireless systems in HST  stationary MIMO HST channels in RMa scenarios. The
scenarios before implementation is not possible withoatiac proposed model has time-varying angular parameters
rate channel models that are able to mimic key characesisti  and time-varying distance between the transmitter (Tx)
of HST wireless channels, such as the non-stationarityil&im and receiver (Rx). Then, we derive and study its time-

to V2V channels [14]-[18], the non-stationarity of the HST  variant space-time (ST) CF, time-variant space-Doppler
channels means that the channel statistics can changdyrapid (SD) power spectrum density (PSD), and local scattering
over a short period of time. Several measurement campaigns function (LSF).

[19]-[24] for different HST environments (rural macrodcel 3) The aforementioned theoretical (reference) model as-
(RMa), tunnels, viaducts, hilly terrains, and U-shapedyeve sumes an infinite number of effective scatterers and
conducted but they mainly focused on large-scale fading therefore cannot be used for simulations. Thus, we further
parameters, such as path loss and delay spread, and thusdevelop a corresponding sum-of-sinusoids (SoS) based

ignored small-scale fading parameters. simulation model for wideband non-stationary MIMO
Channel models in the literature have also failed to demon- HST channels with reasonable complexity, i.e., a fi-

strate different propagation parameters of wireless cblarin nite number of sinusoids or effective scatterers. The

HST scenarios. Adopting a conventional cellular architest angle parameters of the proposed simulation model are

the LTE-A system [5] provided a relatively simple single-  calculated by adopting the modified method of equal
path channel model that supports two scenarios, i.e., open areas (MMEA). The relevant statistical properties of
space and tunnels, but ignores the non-stationarity of HST the developed simulation model are derived, verified by
channels. In [25], the propagation channels between HSd@'s an  simulations, and compared with those of the proposed
fixed BSs were modeled using the ray-tracing method, which theoretical GBSM. Furthermore, the utility of the pro-
incorporates a detailed simulation of the actual physicalev posed simulation model is validated using measurement
propagation process based on an approximation to Maxwell data.

equations [26]. However, the implementation of ray-trgcin The rest of this paper is organized as follows. The system
models always requires extensive computational resourcRctions of non-stationary channel models are presented i
In both the RMa scenario in WINNER Il [11] and movingSection Il. Section Il proposes a theoretical non-stagign
networks scenario in IMT-A channel models [10], the traiGBSM for wideband MIMO HST channels in RMa scenarios
speed can be up to 350 km/h and the MRS technology dad studies its statistical properties. In Section IV, tleS S
employed. Both channel models introduced time evolutigfimulation model for wideband MIMO HST channels is pro-
concept to explicitly simulate the non-stationarity of shals. posed and its statistical properties are investigated. etical
However, it has been demonstrated in [27] how the stationagid simulation results are presented and analyzed in Be¢tio
interval, defined as the maximum time duration over which ttEnally, conclusions are drawn in Section VI.

channel satisfies the wide-sense stationary (WSS) conddfo

these two standard channel models is considerably longar th||. SYsTEM FUNCTIONS AND CFS OF NON-STATIONARY

that of real HST channels. For a train speed of 324 km/h, the WIDEBAND MIMO CHANNELS

reported stationary intervals of the standardized mod®idiee |, his section, we will derive the system functions and CFs
measured HST channel were 37.8 ms and 20 ms, respectiglyt gescribe non-stationary wideband MIMO channels. The
[27]. Consequently, the stationary distance of the stafidetl ocejved signal experiencing non-stationary widebandil@ob

channel models is equal to 3.4 m, while it is only 1.8 Mpannels can be defined as a 3-dimensional (3D) stochastic
for the measured HST channel. The statistical characteneza process in terms of time, delay 7, and spacer, which

of WSS multiple-input multiple-output (MIMO) channels hagjenotes the location of an antenna element in the antenna

been investigated extensively in the literature [28]-[30] array in the Tx/Rx [36]. It can be described by the space-

contras_t, only few papers [31]-[35] have studied the steéis ;o variant channel impulse responsé, 7, ) [36], [37].

properties of non-stationary channels. _ An alternative description of the non-stationary chanmel i
To fill the above research gaps, it is highly desirablg,, e time-frequency domain is the space-time-varianster

to design accurate channel models that consider the n@fiiciion that can be obtained by taking the Fourier tramsfor
stationarity of HST scenarios by taking into account timess h(t,7,z) in terms of delayr, i.e.

varying small-scale fading parameters, like angles ofvalkri

(AoAs) and angles of departure (AoDs). Also, it is essential Ly (t, f,x) :/h (t,7,x) e 9> 7dr. (1)

to establish a theoretical framework that characterizas no

stationary mobile fading channels in terms of their syste@@ther 3D system functions can be obtained by using Fourier
functions and correlation functions (CFs). The major dentrtransforms as in [36], [37]. The 6-dimensional (6D) space-
butions and novelties of this paper are summarized as felloime-delay-variant space-time-delay CF can be obtaineh fr
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the space-time-variant impulse response as follows: RS e
&—O
Ry (t, f,x; At, Af, Ax) OA‘_V. Calt, fx,0,0) @21  Ru(t,7,xAL AT, AX)
e 0.
Rh (t,T,I;At, AT, AI):E {h (t,T,ZC) l " M Q l " (DAY l "
%
Xh (t - At’ T AT’ T — Al’)} (2) Ry (t,x; At Af, Ax) Cy(t,x,7,0,0) Ru(t, 7, %; At, Ax)
whereAt is the time lag (i.e., time differencel\7 is the delay I SR Antenna stationarity SR
Time-dela
lag, and Az is the space lag (i.e., antenna element spacing v [ varamsce
o —0 Y At N
[36]). Here, (-)* denotes the complex conjugate operation and "+ oi——g  Gturd) B0 mtunsid g Wrnns
Ax Q Ax
E {-} designates the statistical expectation operator. Sitpilar rmewrmmpmeme = Time-delay-varant
frequency CF space-Doppler
we can obtain the space-time-frequency-variant space-tin, semo —— ) popeler?s®
[ 5 ptTAx
frequency CF as
Fourier Transform EEeichviarian
space CCF
L(t,f,.I;At,Af,ASC) :E{LH(tafaI) o—=eo Ax=0 o
L, rtuAt

XLy (t— At f — Af,z — Az)} (3)

Time-delay-variant
ACF

where Af is the frequency lag. The 6D CFs (2) and (3) are
spatial extension of the 4D CFs propos_eq by Matz [32] .Maﬁg. 1. Relationship of CFs for non-stationary HST channels

also suggested another channel statistic for non-stationa

channels, namely, the LSFy (¢, f, 7, ), which describes the

mean power of the effective scatterers causing delay-2oppl |n this paper, we assume that the channel satisfies both
shifts (7, v) at time¢ and frequencyf. Here, we extend the the US and antenna stationarity conditions. Antenna statio
4-dimensional (4D) LSF in [32] to the space and directiogrity assumption is common for conventional MIMO chan-
domains resulting in the 6D LSE'y (¢, f,z,7,v,9), which nels using limited numbers of uniform linear array (ULA)

can be obtained as follows: antenna elements. However, this assumption becomes in-
valid in case of non-ULA antennas [38] and/or large MIMO
(t, f, 2,70, ///Rh t, 7, @ At, AT, Az) channels with a large number (tens or even hundreds) of

antenna elements [39]. By applying these two assumptions,
the CFs will not depend onf, Ar, and x. Therefore,
the 6D space-time-delay-variant space-time-delay CF jn (2
space-time-frequency-variant space-time-frequencyrCg),
Cu(t, f,z7v, Q):///RL (8, f,2; At Af, Ax) and the LSF in (5) will be reduced to 4-dimensional (4D)
x e I2mWAL=TAFEQAD YAGA fdAz. (5) time-delay-variant space-time CR, (¢, 7, At, Az), 4D time-
variant space-time-frequency ¥, (t; At, Af, Ax), and 4D
Here, () is the direction of an antenna element in the antenh®F Cr (, 7, v, (2), respectively. The time-delay-variant space
array in the Tx/Rx. The above general system functions afgpss-correlation function (CCR)(t,7; Az) and time-delay-
CFs of non-stationary channel models can be simplified hriant autocorrelation function (ACF)t, 7; At) can be ob-
applying the following assumptions. tained fromRy, (¢, 7, At, Az) by imposingA¢=0 and Axz=0,
— Uncorrelated scattering (US): US means that different chan-respectively. We can also derive the time-delay variant SD
nel taps with different delays are uncorrelated. In [31]l&e PSD W (t,7,v, Axz) by applying the Fourier transform to
showed that US channels are WSS in the frequency domait. (t,7, At, Ax) in terms of At. The relationship between
Therefore, the 6D space-time-frequency-variant spane-ti the CFs of non-stationary HST channel models is illustrated
frequency CF in (3) will no longer depend on frequencin Fig. 1, which serves as a fundamental framework for
f, i.e., it will be reduced to the 5-dimensional (5D) spaceSections Il and IV. By applying the WSS assumption, the CFs
time-variant space-time-frequency Q¥ (¢, z; At, Af, Az). Wil not depend ornt and the 4D CFs will be further reduced
It follows that the 6D space-time-delay-variant spaceetimto 3D ones as in [36]. Finally, the spatial extension introsl
delay CF in (2) will be reduced to the 5D space-time-delaynA this section should not be confused with the one presented
variant space-time CRy, (¢, 7, z; At, Az). in [40] where the spatial dimension is related directly te th
— Antenna stationarity: Antenna stationarity means that theeceiver position.
time, frequency, and antenna statistics, i.e., the cdioala
between different antenna elements separatechlbydo not ||| THE NON-STATIONARY WIDEBAND THEORETICAL
depend on the selected transmit or receive antennas [38]. GBSM
It follows that the 6D space-time-frequency-variant space . _
time-frequency CF in (3) will no longer depend on spac'%‘ Description of the Wideband MIMO Theoretical Model
x, i.e., it will be reduced to the 5D time-frequency-variant We adopt the IMT-A cellular network architecture for the
space-time-frequency CRy, (¢, f; At, Af, Az). Also the 6D HST communication system where MRSs are deployed on the
space-time-delay-variant space-time-delay CF in (2) wél surface of the train. Therefore, the end-to-end commuioicsit
reduced to the 5D time-delay-variant space-time-delay Qfetween the BS and MS will consist of two channels: outdoor
Ry, (t, ; At, AT, Ax). channel and indoor one as illustrated in Fig. 2. Here, we

x e I2mWALHFATHOAD) YAt AT AT (4)
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and then;th (n; =1, ..., N;) effective scatterer are denoted
by a; (t) and s(™), respectively. We denote the time-varying
semi-minor axis of theth ellipse ash; (t) = \/a2(t) — f2(),
where fs (t) = Ds(t) /2 represents a half of the distance
n.y  between the two foci of ellipses. The tilt angles of the BS and
-7/ MRS antenna arrays are denoted®y and Sg, respectively.
The MRS moves with the same speeg as the train in the
direction determined by the angle of motiop. The AoA of
the wave traveling from an effective scattes€t!) to the MRS
is denoted bygb("? (t). The AoD of the wave that impinges

on the effective scatterer™) is denoted bys{"*) (t), while
25 (t) denotes the AoA of a LoS path.

Based on the TDL concept, the complex space-time-variant
channel impulse response between thte (» = 1,...,5)
element of the BST,, and theqth (¢=1,...,U) element of
the MRS, R,, can be expressed dgt,7,x) = hpq (t,7)=
S hipg (1) 8(7—7;), where h, ,, (1) and 7; denote the
complex space-time-variant tap coefficients and the discre
propagation delay of théth tap, respectively. Note that the
space domairx is implicitly expressed by the subscripy.
From the above GBSM, the complex tap coefficients for the
first tap ¢=1) of theT, — R, link is a superposition of the LoS
component and single-bounced (SB) components, and can be
expressed &s,, (¢, 7) andh; ,, (t) depend only on the antenna
spacings of the BS and MRS denoted By and Azg,

Multipath components

Track-side BS

o m;z ek respectively.
s h oS (1) + 1 6)
:3(] 1710‘1()_ 1pq()+ 1pq()
210 where
Fig. 3. The GBSM for a wideband MIMO HST channel. LoS Kpq 2 furpa(t) JQﬂjmxtCOS<¢égs(t)77R)
l,pq ( ): 4]{ + 18 c'ipq
Pq

7a
will focus on the outdoor channel between the BS and MRS (73)

in RMa scenarios. We consider a MIMO HST system with

S transmit andU receive omni-directional antenna elements.; sg (1) = M pg lim Z 1 ea(wnl 27 feTpg,my(t))
The BS is considered to be located on the track-side with **? Kpq + 1NHoo ~ VN1

the minimum distance between the BS and the track denoted a
as D, = 50 m [11]. The time-varying distance between X e
the BS and MRS isD, (t) = /(D?,, + D?(t)), where

min

D(t) stands for the projection ab(¢) on the railway track The complex tap coefficients for other tafis< i < I) of the

plane. Fig. 3 illustrates the proposed GBSM, which COI’]SIST;‘E’ ¢ link is a sum of SB components only and can be
of multiple confocal ellipses with single-bounced rays an%xpressed as

the line-of-sight (LoS) componen®?]. Geometric elliptical

channel models have widely been used to model widebanlth pg (t)= 5o, (£) =/Qi pg hm Z\/—

G27 frnaxt cos(d)g% 1)(75)*’71?,) ) (7b)

MIMO channels [41]-[43]. Other GBSMs like one-ring and ni=1
two-ring models have been mainly used to model narrowbandA (Y27 feTpg,m; (1) J2wfmxtcos(abﬁé‘”(t)w;a) lei<I
MIMO channels and their extension to wideband channel ’ - (é)

models [44], [45] is not straightforward. For clarity pugss,

we use a 22 MIMO channel model in Fig. 3 as an examplelt is worth mentioning that in (7a) (7b), and (8), we havedim

The parameters in Fig. 3 are defined in Table I. varying parameters,, (t), ¢4°5(t), Tpg,n, (t) (i = 1,...,1), and
Based on the tapped delay line (TDL) structure, the ta[dé;”)(t), which make the underlying GBSM a non—stationary

are represented by multiple confocal ellipses with the B& aone. If these parameters are not time-varying, then the GBSM

MRS located at the foci. There arg; effective scatterers on can be reduced to a WSS one, as proposed?jnlf the

the ith ellipse (i.e.,ith tap), wherei=1,2,...,1 and[ is the following, our task is to define or calculate the above time-

total number of ellipses or taps. Each effective scatteser varying parameters.

intended to represent the effect of many physical scadterer In (7a), (7b), and (8)£%; ,, designates the mean power

within the region. The semi-major axis of thih ellipse for the ith tap, 7,,(¢t) = p4(t)/c, and 7pq.n; (1) = (pn, (t) +
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TABLE |
DEFINITION OF PARAMETERS INFIG. 3.
Parameters Definition
Dy (t) distance between the BS and MRS
fs(t) half length of the distance between the two foci of ellipses
a;i(t), bi(t) semi-major axis and semi-minor axis of té ellipse, respectively
VR, YR MRS speed and angle of motion, respectively
Azr, Azp antenna element spacings of the BS and MRS, respectively
Br, Br tilt angles of the BS and MRS antenna arrays in the x-y plaekat{ve to the x-axis), respectively
¢"T°; (t), (za;”) (t) A0A of the LoS path and AoA of the wave travelling from an effee scatterers(™:) to the MRS, respectively|
o0 (1) AoD of the wave that impinges on the effective scattergt:)
'3 5;””(15), andfg”)(t) distances (T, MRS), d (BS, s("i)), andd (s("”, MRS), respectively
R distancesi (T, Ryq), d (Tp, s("i)), andd (s("i), Rq), respectively

€niq(t))/c are the travel times of the waves through the links
T, — R, and T, — s(") — R,, respectively, as shown in
Fig. 3. Here,c represents the speed of light and the symbol
K,, designates the Ricean factor. The phaggs and v,

are independent and identically distributed (i.i.d.) reamd
variables with uniform distributions ovér7, 7) and fiax IS

the maximum Doppler shift related to the MRS. From Fig. ’{
and based on the law of cosines, we have [43]

Epq(t)=Ds(t)—kp Azt cos fr—keAz g cos( LTOS(t) —BRr)

(9a)
Epn; (t)% (Tni)(t)—kpAiET Cos (fb}"”(t)—ﬂT) (9b) Fig. 4. The time-varying angular parameters in the HST cbnrodel.
na(t)= €5 (O)-koArcos (6 ()-Pr)  (90)
(ni) (ni) [ ; ;
- _ - r(t) and ¢y’ (t) as it is a general function and includes
where k, = (5=2p+1)/2, kK = (U=2q+1)/2, and some well-known PDFs as special cases, e.g., uniform and

e () = v3(1)/ (ai( )+/s(t )COS‘b(ni)(t)) with £7")(t) = Gaussian PDFs [43]. The von Mises PDF is defined as

(af(t)+ FA+2a,(t) f(t) cos ¢ (¢ )) /(al.(t)ju Fu(t) cos gt ))_ f(¢) exp [k cos(¢—p)|/[27 I (k)], wherey is the mean value

Note that the AOD¢ )( ) and AcA ¢ (n:) (1) are interde- of angle¢ € [—m, ), Io(-) is the zeroth-order modified Bessel

> -
pendent for SB rays. The relationship between the AoD aftgmhon of the f|rst kind, and: (k > 0) is a positive real

lued parameter that controls the spreadg¢ofApplying
AoA for multiple confocal ellipses model can be given by [43 he von Mises dlstrlbuuon to the t|me _varying AoAs, we

A

. get /(05 ) (1) Zexp [k cos( 67—y (1)) |/[2 1o (kge))J*

bi )Sln¢ ®) o (10a) whereu%) is the mean angular value of the Aaﬁg) andkﬁf)

a? (t)+f2(t)+2a:(t) fs(t) cos g (1) is the relevant von Mises parameter that con‘trols the spread

) of ¢§;). Similarly, we can getf(¢§f)) (t) with u;f) and k(Tl).

2a;(t) fs(t) + (aZ(t) + f2(t)) cos o (¢ )(10b) In Fig. 4, the MRS is moving with the speed of

a?(t) + f2(t) + 2a;(t) fs(t) cos ¢("1 () vr in the direction defined by the angle of motion
LoS(; ~vr. Correspondingly, the AoAs and the axes of the el-

The time-variant LoS AoA¢77>(t) can be expressed as [5] jipses will be changed. The distance between the BS and

Los D (o) + vt cos 1 <0 the MRS can be calculated a®;(t) = 2fs(t) =
%OS(t): Ty (t )+arccos . D, P TTSIRS (\/D2 to URt)2 + 2D, (to) VRL COSYR Based on the
r 'gpos(t )— arccos%ﬁﬁcw% , 0<~yg <m geometric relations and by defining aII the angles in Fig. 4,
(11) the time-varying function of mean AOAR (t) can be derived
Where¢LoS( 0)= amm(% L sin ﬂT) denotes the initial Los @S (12) [46], which is presented at the top of the next page.
AOA at tlmet = tp.
We assume that the numbers of effective scatterers in the = = ) ,
theoretical model tend to infinity, i.eNl-—>oo. In this case, B. Statistical Properties of the Theoretical Model
the discrete angle$€ (t) and ¢ J(t) can be replaced In this subsection, we will derive the statistical propesti
by continuous ones)T (t) andgb () respectively. scatterer of the proposed non-stationary HST GBSM based on the
distributions like the uniform and Gaussian PDFs. Here, wiheoretical framework described in Section Il under the US
use the von Mises PDF to describe the time-varying anglasd antenna stationarity assumptions.

sin qﬁg,f”)(t) =

cos (b&f”)(t) =
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vrt—€5' (o) cos(vr—p (t0))

VERTD (t0)+(vrt)*~2657 (t0)vrt cos(vr— i (t0))
vrt—€5 (o) cos(vr—u (t0))

VR (t0)+(vrt)? 267 (t0)vrt cos (v (o))

YR — arccos

uiy (1) = (12)

YR + arccos

1) Time-variant ST CF: The correlation properties of two The normalized time-variant space CCF for the first tap
arbitrary channel impulse respondes, (¢,7) andh,o (t,7) (i=1) can be expressed as the summation of (17) and (18)
of a wideband MIMO HST channel are determined by theith /=1, i.e.,
correlation properties of; ,,, (t) and h; 4 (¢) in each tap,
since there is no correlation between the underlying pseEes
in different taps. The normalized time-variant ST CF can b@i(t, Az, Azg)=p"°Xt, Awr, Axg)+p°%(t, Ay, Azg) .

derived as (19)
E {h ipa(t) N} p’q’( - Af)} Similarly, the normalized time-variant ACF can be obtained
Ba(t, Avr, Az, At)= /Qi g Qi (13) by imposingAxzr = 0 andAxzg = 0 in (13), i.e.,
which can be obtained from the time-delay variant space CCF E {hi py(t) b}t — AL)}
Ry, (t,7; At, Az) in Fig. 1 with T = 0. r(t, At)= m = R, (¢,0,0,At). (20)

— In the case of the LoS component,
o [P eos / tos — In the case of the LoS component,
RS (t, Awp, Axg, At)= K'¢’ F[ COEﬂT_QCOb((bTP(t)_BR)}

K . . LoS/, _
2 Fann Cos((b'&?s(t—At)—VR)At T‘Los(t, At)z ieJQﬂ'fmax Cos(¢ (t—A¢) 'YR)At. (21)

X e 1+ Ky
(14)
— In the case of the SB component,
where P = (p'—p) Azr /A, Q = (¢ —¢) Axg/\, and K/ = .
KpgK 1y , 1 ) cos(6P_py
o) (K1) rSBi(t, At)= / ot cos(¢ )

orly (K9) (1+ K
— In the case of the SB component, o ( ) (T+ ”q)

1 x RTELE (.00 327 s o8 (9] 2m) Bty ® - (29)

RB(t, Awp, Azg, At)= ——
2], (k;)) U

Therefore, the normalized time-variant ACF for the first tap

/” e cos(¢§;‘>—u§;‘>(t)) j%[P COS(¢¥)_[3T)+Q cos(¢§;‘>—BR)} (.z'=11).c;an be expressed as the summation of (21) and (22) with

X e & =1, l.e.,

o ‘ _ . r1(t, At)= o5t At)+rSBi(t, At). (23)
Xej27r£;n§)(t,At)eﬂﬂ’fmax cos(@ﬁgq) fm)Atd(bg%i) (15)

2) Time-variant SD PSD: The time-variant SD PSD can be
where{yy (t, At) = &1 (t — At) — &7 (t) + R (t — At) —  obtained from the time-variant ST CF by applying the Fourier
7 (D). transformation in terms of\¢, i.e.,
By imposingAt = 0 in (13), we get the normalized time-
variant space CCF between two arbitrary channel coeffsientyy (¢, v, Az, ASCR):/Rh(t, Azp, Az, At)e T2TVAdAL.

as
(24)
E {hlpq(t) th/q’(t)}
Q0 — In case of the LoS component,
V 2%,pgt tLp'g’
= Bn (1, Avr, Avg,0). (16)  ppios (4 ) Ay Agy) = o1 27 | P eos Br—Qeos (¢25() —Br) |

p(t, Axr, Axg)=

— In the case of the LoS component, x§(v—(G(t)+vr)) (25)

pLOS(t’ Azy, Azg)= K'ei2m {PCOSﬁT*QCOS(@bI#S(t)*ﬁR)]_ a7) whereG (t) = fmax cos ¢|£s(t) _ 7R)_

— In the case of the SB component, — In case of the SB component,

1 /” 9 cos (00— p () WSB (t,v, Ay, Azg) = / R3B(t, Axr, Axg, At)

P8 (t, Axp, Axg)= N
o7l (kR ) U x e I2TVALGAL (26)

, G cos (6l i . : :
« o127 [Poos(#47=Br rQ cos (o}~ del?).  (18) This integral will have to be evaluated numerically.
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3) LSF: It can be obtained from the time-variant spacewhere
time-frequency CFRy, (t; At, Af, Axz) using Fourier trans-
form with respect taAt and Az and inverse Fourier transformh%"psq (t) =
with respect toAf, i.e.,

Cul(t,, V,Q):///RL(t; At, Af, Ax) and

—12n(vAt—TAf+QAx N
x e IAmWAL=TATHQAD GAtIA FdAz. (27) RSB (1) = [ Q1 zl: L i(m2nferpnn(®)
where the time-variant space-time-frequency CF can be ob- Kpg + 1n1:1 VIV

tained from (3) after considering the US and antenna station j [%fmaxtcos(¢3§§1>(t)—m)} (35)
arity assumptions, i.e., xe ‘

Kpq o327 feTpq(t) o [27Tfmaxt cos (&595(15)—71%)}
Ky +1
(35a)

The complex space-time-variant channel coefficient fordse

E{Lp,,(t, f)Ly , ,(t—=At, f—Af) <
L (AL AL, A) = { Hyrg } of the taps(1 < i < I) can be expressed as

Qi,pqﬂi,p’q’ B 8 w onf (t))
(28) iy () =hS3, (1) =/ pg 2R LT
Here, Ly, (t, f) is the space-time-variant transfer function o 7“)_1
that can be obtained by (1), i.e., « ¢ |2 fmat cos (357 (t)*”*)] 1<i<I. (36)
Ly (t,f) :/ hpq (t,7) €727 Tdr, (29) By comparing the simulation and theoretical models and
e considering the fact that the AoDs are related ;[\([) the AoAs, we
— In the case of the LoS component, only need to determine the discrete A({:%R } ' | for the

RLOS(t; At, Af, Ax) = e [Peospr=Qeos(9E50-5n)]  simulation model. In case of isotropic scattering, ik&!) = 0,
N;
327 fmax cos(¢59§(t)—vR)At—Afn (30) the quantmes{qb } should preferably be computed

X e
using the extended method of exact Doppler spread (EMEDS)
where [42], while MMEA and theLp-norm method (LPNM) provide
CLOS(t, 7, v, Q):/// RYS(t; At, Af, Ax) high quality solut|o_ns when t_he scetterlng is non-|eotmop|
[42]. Here, we consider a non-isotropic scattering Je[n\mrent
—12n(vAt—TAf+QAx ~(m . i
x ¢ 2 ATTAITAADdAtdA fdAx. (31)  and hence we will use MMEA to calculat%gzs%“) for
n;=1
— In the case of the SB component, the S|mulation model. By applying the MMEA, the AoAs
(ns) Ni . . ) X
CIS.IBT’(LT, ” Q):/// R%Bi(t;At,Af, Az) {¢ } can be determined by finding the solutions of
the foIIOW|ng equation using numerical root-finding tech-

x e ImAL=TAIHQAT GAdA FdAz  (32) niques [42]:

where the time-variant  space-time-frequency CF 1 o)

RIP (101 Af Ax) can be expressed as (33), which iS™eot = [ (o)) (ro)dof) =0, mi= 120 N
shown at the top of the next page. N; -
It is important to mention that all the investigated statasit by (to)—m

properties in this section, i.e..R, (t,Axr,Axg, At), (37)
p(t,Axp, Azg), r(t,At), W (t,v,Azp,Azgr), and Reasonable values d¥; are in the range from 40 to 50 [42].
Cy(t,7,v,Q), are time-variant due to the non-stationarity

of the proposed GBSM. For stationary channel models, tBe Satistical Properties of the Smulation Model

corresponding statistical properties are not dependert on  g,<ed on our wideband MIMO HST theoretical model and

its statistical properties, the corresponding statibpcaperties
IV. THE SIMULATION MODEL FORWIDEBAND MIMO ¢4 the simulation model can be derived by using discretdeang

HST CHANNELS parameters.

A. Description of the Wideband MIMO Smulation Model 1) Time-variant ST CF: The normalized time-variant ST
The proposed theoretical model assumes an infinite num&dr can be calculated by

of effective scatters and hence it cannot be used for simula- i *

. used i B {hipalt) 17 (t = A1)}

tions. Therefore, we need to develop a HST simulation model,p, (4 Az Azp. At)— ra 38
. . . e . h(t7 IT,ATR, t) ( )

which can be obtained from the theoretical one by utilizing VQipgiprgr

only a finite numper of scatterers. The comple>_< space-time-_ | the case of the LoS component,

variant tap coefficient of the first tap of the lifk,—R, for _ s

the simulation model can be expressed as RS (¢, Awy, Azg, At)= 12| P oo Br—Qeos (3505 ) |

~ : (7LoS (4_ _
hipq (t) = RS (8) + 1T2, (1) (34) x 127 fmax cos($57% (1= At —yr) At (39)



IEEE TRANSACTIONS ON INTELLIGENT TRANSPORTATION SYSTEMS/OL. XX, NO. Y, MONTH 2014 8

e

B {hipult) 12y ()}
vV Qi,pqﬂi,p’q’

= Ry, (t,Axp, Azg,0) (41)

ﬁ (t, AwT, A.I‘R)Z

" .
6 8 10 12 14 16
Normalized MRS antenna spacing, AxR 23

(b)

1 5D cos (¢, » (5
SB; /,. cos(prp'—ty (1)) J2m fmax cos( ¢ YR ) At
RLB'”(t,At,Af,Ax)Zi(i)/eR (R R )e (R )
2], (kR ) U
j2m | P cos qb(i)*ﬁT HQ cos ¢(i)*5R —j2nAfri 44 (3)
X e [ ( T ) ( R )] e T de(bR. (33)
— In the case of the SB component, &
g, 1 g
Ry (t, Axp, Az g, At)= NU %o.s—‘b \
i = T N Tap1,t=0s
v 706" NI —o—Tap1,t=25s| |
Neo 7(ng) 7(ni) £ ~ - - -Tap2,t=0
£ 30 e [Poos (854 ()81 J+Q cos (357 ()-8 ) | Soap S kit
n;=1 % 0.2 Q‘ O PRl s A -
2 (ng g %906000 o o o o o
« ej27r£,(rné)(t,At)ejQﬂ'fmax Cos(¢§g l)(t)_'YR)At (40) E % Oﬁz 4 6 8 10 12 14 16
' 'E Normalized antenna spacing, AXR 12
. . . (@)
Similar to the procedure applied to the theoretical modw, t § . * ‘
normalized time-variant space CCF and the time-variant AC & || oo e
_ ) =08f, : t=2's, angles are time-invarianti)
of the simulation model can be expressed as K = - ~1=255, angles ae time-variant
3
2

. - 3
. E {hlvi’q(t) hi-,pq(t At)} ~ Fig. 5. (a) The absolute values of the time-variant space GC#ifferent
r (tv At): \/W =Ry (ta 0,0, At) (42) taps of the proposed HST channel model at different timeamist (b) The
,pg>4i,p'q’ absolute values of the time-variant space CCF of the seamvith/without
respectively. time-varying angular parameters.

2) Time-variant SD PSD: The time-variant SD PSD of the
simulation modellW(t, v, Az, Azg) can be obtained from
the ST CF by applying the Fourier transform in termsff o (1) o 1.(1)
Therefore, it can be expressed similar to (24) by replaciﬁ% (to) = 600 m, yr = 30° pp (to) = 45° ky' = 6
Ri(t, Awr, Azg, At) by }ih(t,A:vT,AacR,At). and we use aohnear antenna array with; = My = 2 and
— In case of the LoS component°S (¢, v, Axy, Azg) can Pr = Pr = 60°.
be obtained by replacing°S by 45°S in (25).

— In case of the SB cpomponepnt, time-variant SD PSR, Time-variant ST CFs
WS (t,v, Azp, Azg) can be obtained from (26) by substi-
tuting R3%(t, Axy, Axg, At) by R3®(t, Ay, Axg, At).

3) LSF: Analogous to the theoretical model, the LSF o

the simulation modeCy (¢, 7, v,2) can be obtained from the Fig. 5(b). By using (19) and imposing=2 in (18), Fig. 5(a)

gm(_e—frdequenl:y ~Space bCRLb(tt;.AtaAff : Ax2)7 Thgeéeft())re, e shows the absolute values of the time-variant space CCFeof th
erived equations can be obtained from (27)—(32) by repfaci irst and second taps of the theoretical model at two differen

the thef[)retlcal rE())dg'I[thl[Jhnctlons and (;_he c_ont:n?ous me(I{ e instants, i.e4= 0 s and 2 s. From the figure, we can easily
parameters, e.gg,; Wi € corresponding simuiation Model, ytice the higher correlation in the first tap in comparisaitnw

functions and discrete model parameters, e, the second one because of the dominant LoS component. To
highlight the impact of the time-varying parameters on cfen
V. RESULTS ANDANALYSIS statistical properties, Fig. 5(b) shows the absolute \&hi¢he

In this section, the statistical properties of the proposeidne-variant space CCF of the second tap with time-variadt a
theoretical model and simulation model are evaluated atiche-invariant angular parameters. It shows that timeyinar
analyzed. Then, the proposed simulation channel modelasgles are the only time-varying parameters that affect the
further validated by measurements. The parameters for dime-variant space CCF. The same conclusion can be drawn
analysis are listed here or specified otherwise: the LoSaRicdrom (18). Fig. 6 shows a comparison between the time-varian
factor K, = K, = 6, taps delays for the first and secondpace CCFs of the theoretical model (18), simulation model
taps arer; = 0 andr, = 35 ns, respectively, as for the RMa(41), and simulation results witN=50 for BS antenna spacing
scenario in [10l,ur = 360 km/h, f. = 4 GHz, and thus Az = X at different time instants= 0 s and 2 s. It shows that
fmax = 1.34 KHz, D4(tp) = 1000 m, Dpyin = 50 m as in the simulation model provides a fairly good approximation

[5], al(to) = w + 5 m, CLQ(to) = w + 10.25 m,

By adopting a BS antenna element spacdiagr = A, the ab-
olute values of the time-variant space CCF of non-stationa
ST MIMO channel model are illustrated in Fig. 5(a) and
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Fig. 6. Comparison between the time-variant space CCFseofdicond tap Fig. 8. Comparison between the time-variant ACFs of the is¢dap of the
of the theoretical model and simulation model for differéime instants. theoretical model and simulation model for different tinnstants.

b -45 T T T
< X ——t=0s, k_=0 (isotropic)
g | R
% 08 f"\\ ] -50 - & ~t=25, k=0 (isotropic)
Z 5 \\ Tap1,t=0s - - -t=0's, k=3 (non-isotropic)
E 060 —o—Tap1,t=2s || -85 —o—t=2'5, k=3 (non-isotropic)
E 0.4 ‘\ Tl - - -Tap2t=2s) | g 60 —=—1t=0's, k=11 (non-isotropic)
. < _e- _ S _
E © ~—— Tap2,t=2s 2 © —a—1t=2s, k=11 (non-isotropic)
> L [ ST et bl RSP SR ] 2
802 °seeeee -------- o 65
R 000000000006 060060060600600000000000 2 ¢
2 0 5 10 15 20 25 8 -70
Normalized time difference, At.f g
max >
(a) 2 -75
5 :
S 1 -80
c !
8 0.8k t=0s 4
g VO _ . . .
7 e 10+ t=2 s, angles are time-invariant -85
2061 ¢ - - - t=2 s, angles are time-variant
E v -90 I I I 1 1 1
C 04l \ o'o_ | -1.34 -1 -0.67 -0.34 0 0.34 0.67 1 1.34
Ehe N ©0% ) Doppler frequency (KHz)
] o
2 02F Yoo e R L R Xmor ks |
2 | Tt ~-a_
= B R bt ST P S i . . . _ . _
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Fig. 7. (a) The absolute values of the time-variant ACF ofedént taps of
the proposed HST channel model at different time instab{sThe absolute

The coherence time for time-variant and time-invariantdag
values of the time-variant ACF with/without time-varyinggular parameters.

parameters is equal to 1 ms and 4 ms, respectively. It is
important to mention that the smaller the coherence tine, th

) . _larger the Doppler spread. Fig. 8 shows a comparison between
to the theoretical one especially at small antenna spacingg, time-variant ACFs of the second tap of the theoretical

The simulation results fit the simulation model very well,gqel (22), simulation model (42), and simulation resutts f
demonstrating the correctness of both theoretical déonNat jifferent time instants. Again, the simulation model pries
and simulations.

_ ) o ) ) a fairly good approximation to the theoretical one esp#gcial
By using (23) and imposing =2 in (18), Fig. 7(a) shows iy small values of time separation. The simulation resuis a

the absolute values of the time-variant ACF ofdiffe_renStap_ (42) of the simulation model match very well, illustratirfget
the proposed theoretical HST channel model at differené tindgrrectness of the derivation of (42) and simulations.
instants. A higher correlation in the first tap in comparison

with the second can be easily noticed. Again, this is due to .
the dominant LoS component. Fig. 7(b) shows the absolfe TiMe-variant SD PSDs

values of the time-variant ACF of the second tap with/withou Fig. 9 compares the time-variant SD PSDs of the theoretical
time-varying angular parameters. We can see that even witlodel (24) for isotropic (i.e.kg = 0) and non-isotropic (i.e.,
time-invariant angles, the absolute value of the timeardri kg > 0) scenarios at different time instants withzr =
ACF still changes with time because of the time-varyindhxzr = A. We can easily notice that the SD PSD is U-
dimensions of the ellipses. The same conclusion can be drastraped for isotropic case only. To understand the impadteof t
from (22). From this figure, we can also calculatsherence angular parameters on SD PSD given in (26) for the theotetica
time, which quantifies the duration within which the channahodel and the corresponding simulation model, Fig. 10 shows
is approximately constant and can be defined as the smallestmalized SD PSDs of both models for different angular
value of At that fulfills the conditionr(¢, At)| = $|r(0, At)|. parameters, i.e., the angle of motiop and the initial mean
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Fig. 12. The empirical CCDFs of stationary intervals for fhreposed HST

Fig. 10. Time-variant SD PSDs of the theoretical and sinufamodels for Simulation model and the measured channel in [27].
different angular parameters £ = 360 km/h, fmax = 1.34 KHz,kr = 11).

The stationary interval can be calculated using average@po

1 o theoretoal moder delay profiles (APDPs) that can be expressed as [27]
0.9l . - © -t=0 s, simulation model with N=50 |
T T2 smtaton model wih =50 — 1 MNeop—lo
e Py (tr,7) = Noor S g (tem) P (43)
07l , v , | -
%O'G’ ' ' ' i where Nppp is the number of power delay profiles to be
§°-5’ i . 1 averaged,t;, is the time of thek-th drop (snapshot), and
SO 1 iy A hpq (th, ) =21 hipg (tx) 6(7—7;). The correlation coeffi-
037;',5;.:% B Wb e e cient between two APDPs can be calculated as
M e b g gar, - o
0'2?7:;"}" il &f.ﬂﬂ;#:;:itﬁ'\\!:i:;ﬁ:',.:A,'ig',':\H' At) — J P (te, 7) P (tx + At 7) dr
0.1} 1 h v VB L A AT C(tk, t) = —— 3 —— 3 .
i i T max{ [ Py, (ty,7)"dr, [ P, (tx + At,7)"dr}
L34 E 067 034 0 034 067 1 134 (44)

Doppler frequency (KHz)

The stationary interval can be then calculated as

Fig. 11. Comparison between the LSFs of the second tap othtardtical
model and the simulation model for different time instants. Ts(tk) = maX{Aﬂc(tk,At)ZCmreSh}a (45)

where cyresh IS @ given threshold of the correlation coef-

AOA i (to). From this figure, it can be concluded that anguldicient. Fig. 12 shows the empirical complementary cumu-
parameters of channel models affect considerably the srerative distribution functions (CCDFs) of stationary intals
of the time-variant SD PSDs. for our proposed HST simulation model and the measured
HST channel using the following simulation parameters ob-
C LSFs tained from [27]: f.= 930 MHz, vy = 324 km/h, Nppp=

’ 15, chresi= 0.8. It is worth mentioning that since the mea-

Fig. 11 shows a comparison between the LSFs of the thgyred HST channel is a narrowband one, in (43) we used
oretical model and simulation model witi=50 for different g (ti, T) = hipg (ti) 6(T— 71) Where hy , (t) is given
time instants. It can be noticed how the power of the effectiyy (34). The excellent agreement between the proposed HST
scatterers varies with timeand the power of the componentssimylation model and the measurement data demonstrates the
with zero Doppler frequency is higher than the rest of thgility of our HST channel models. From Fig. 12, the statigna
components. Simulation model shows good approximatigiterval is equal to 11 ms for 89 and 20 ms for 6% which

to the theoretical one at different time instants. différefs considerably shorter than the ones reported for staimbatd
time instants due to the non-stationarity of the HST channghannel models, i.e., 37.8 ms for %0as we previously

They also demonstrate that simulation model provides a goggntioned in the introduction.
approximation to the statistical properties of the thdosakt

one. VI. CONCLUSIONS

. In this paper, we have proposed a non-stationary theotetica
D. Sationary Interval wideband MIMO HST GBSM for the outdoor channel of
To verify our proposed channel models, we use HST meldST communication systems adopting MRS technology. The
surement data presented in [27] where the authors compapedposed model contains time-varying model parameters, i.
the stationary interval of a measured HST channel with thahgular parameters and distance between the Tx and Rx.
of standard channel models such as IMT-A and WINNER IUsing the MMEA, a corresponding SoS simulation model
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