A Generic Non-Stationary MIMO Channel Model
for Different High-Speed Train Scenarios

Ammar Ghazdl, Cheng-Xiang Wang Yu Liu?, Pingzhi Fad, Mohamed Khaled Chahife

Linstitute of Sensors, Signals and System, Heriot-Watt &lsity, Edinburgh EH14 4AS, UK.
2School of Information Science and Engineering, Shandongedsity, Shandong 250100, China.
3Institute of Mobile Communications, Southwest Jiaotongversity, Chengdu, Sichuan 610031, China.
“Department of Electronics and Communications EngineefiddEE, Damascus University, Damascus, Syria.
Email: {ag289, cheng-xiang.wah@hw.ac.uk, xinwenliuyu@163.com, p.fan@ieee.org, mkicle@gmail.com

Abstract—This paper proposes a generic non-stationary wide- considered a rural environment for HSTs, while neglecting
band geometry-based stochastic model (GBSM) for multiple- other HST scenarios. This has motivated us to fill in the gap
input multiple-output (MIMO) high-speed train (HST) chann els. in the literature by proposing a novel generic HST channel
The proposed generic model can be applied on the three most mgde| that can be applied on different HST scenarios. The
gggggﬁgsHigoz%egg:'eo:rhéﬁt"bgfxgeﬁaﬁgeét;’t'gﬂzg'p?ggmcs“g” proposed generic channel model is an extension of the one
the proposed generic model and those of relevant measurenten proposeq in [7] for Open Space scenarlo. Thg extensiondeslu
data from the aforementioned scenarios demonstrates the ility '!"”Oduc!”g Sc.ena”O'SpeC'f'C time-variant R'Cdén‘a(.:tor and
of the proposed channel model. time-variant distance between Tx and Rx that take into attcou

) _ _ ) key parameters of the considered scenarios. The proposed

Keywords—High-speed train (HST) channels, high-speed rail- - model will be applicable on three of the most common HST
way scenarios, GBSM, non-stationary MIMO channel models, open  scanarios, i.e, open space, viaduct, and cutting scendiios
space, viaduct, cutting. example, these three scenarios form around 84% of the HST

scenarios that can be encountered along the Zhengzhou-Xian
[. INTRODUCTION HST line in China [8]. It is noteworthy that this generic mbde

High-mobility scenarios, e.g., HST scenarios, are exmbctecan be further applied on other HST scenarios by choosing
to be typical scenarios for fifth generation (5G) communicaPrOPEr values of some of its key parameters.

tion systems [1]. With the rapid development of HSTs, an  The rest of this paper is organized as follows. The three
increasing volume of wireless communication data is reglir most common HST scenarios, i.e., open space, viaduct, and
to be transferred to train passengers. HST users demand hightting, are introduced in Section Il. In Section Ill, a géae
network capacity and reliable communication servicesneéga GBSM for MIMO HST channels in the aforementioned sce-
less of their locations or speeds. To satisfy these demandgarios is proposed. To verify the proposed generic modabusi
HST wireless communication systems have to overcome mangal measured data, relevant statistical properties aieede
challenges resulting from the high speed of the train that cain Section IV. The simulation results and the analysis are

easily exceed 250 km/h, such as fast handover, fast tfav(gresented in Section V. Finally, the conclusions are drawn i
through widely diverse scenarios, and large Doppler sgreadSection VI.

[2] besides some challenges inherited from conventioaaigr
such as high penetration losses, limited visibility in tats) . HST SCENARIOS
and the harsh electromagnetic environment [3].

The transmitter (Tx) and receiver (Rx) of a HST WirelessA' Open space
communication system encounter different channel cooti In the open space scenario, also called plain scenario, the
due to the difference of surrounding geographical environHST is moving at a very high speed in a rural area where
ments. The HST environment can be generally classified intthe BS antenna is much higher than the surroundings. This
the following main scenarios: open space, viaduct, cuttingenvironment focuses on large cells and continuous coverage
hilly terrain, tunnels, and stations. Considering somequei where the link between the fixed BS and the moving terminal
setup of the aforementioned scenarios and some other bpecitrmally has a dominant line-of-sight (LoS) component.eghas
HST scenarios, HST environment can be further classified inton the geographic nature and the distribution / height of
12 scenarios [4]. HST can operate across one or more of thesige surrounding scatterers, the open scenarios can beffurth
scenarios during its travel. The propagation charactesist classified into rural, urban, and suburban.

change significantly with the change of environments and the

distance between the Tx and Rx even in the same terrai% Viaduct

Scenarios have close relationship with channel modeliny an™

measurements. Most standard channel models in the literatu ~ The viaduct scenario is common for HSTs, e.g., viaducts
like UMTS, COST 2100, and IMT-2000 failed to introduce form 86.5% of Beijing-Shanghai HST railway line. The main
any of the HST scenarios. The moving networks scenarigpurpose of viaducts is to ensure the smoothness of the rail,
in the WINNER 1l channel model [5] and rural macro-cell high speed of the train. In this scenario, the radio reflegctio
(RMa) scenario in the IMT-A channel model [6] have only scattering, and diffraction caused by nearby scatteregs, e



trees and buildings, can also be reduced significantly. Thaumber of ellipses or taps. Each effective scatterer isdead
viaduct height and relative BS height have great influence oto represent the effect of many physical scatterers withén t
the received signal. Because of the relatively high alétel  region. The semi-major axis of thith ellipse and the;th (n,=

the viaduct in comparison with the surrounding terrain, thel, ..., N;) effective scatterer are denoted by(t) and s(*),
LoS component is dominant in this scenario. However, thaespectively. We denote the time-varying semi-minor axXis o
sparsity of the scatterers in the environment around thdueian  the ith ellipse asb;(t) = /aZ(t) — f2(t), where f, (t) =

will still influence the received signal at the Rx. Based o th D, (¢) /2 represents a half of the distance between the two foci
relative altitude between the scatterers and the viadbi, t of ellipses. The tilt angles of the BS and MRS antenna arrays
scenario can be further classified into a high viaduct séenar are denoted by and3r, respectively. The MRS moves with
where most scatterers located nearby the viaduct are lowghe same speedy as the train in the direction determined by
than the surface of the viaduct and therefore their impact othe angle of motionyz. The angle of arrival (AoA) of the
the propagation characteristics is negligible, and a laadutt  wave traveling from an effective scattergf*) to the MRS

scenario, where some of the nearby scatterers are higher thg denoted bygb%”) (t). The angle of departure (AoD) of the

rich reflections and scattering components that may result i (n) A 4LOS
a severe shadow fading and / or extra path loss [4]. by ¢7 (1), while ¢TP (1) denotes the AoA of a LoS path.

The complex channel impulse response betweenpthe
C. Cutting (p=1,...,5) element of the BST},, and thegth (¢=1,...,U)
element of the MRSR,, can be expressed dg,, (¢t,7) =
The cutting scenario is another common scenario for HS’~L h, . (t)8(r—7:), where h; ,, (t) and 7; denote the
wireless communications. It represents an environmentevhe complex space-time-variant tap coefficients and the discre
the HST passes a U-shaped geographical cut surface betwegghpagation delay of théth tap, respectively. From the above
the hills. The cutting is widely used for HST construction to GBSM, the complex tap coefficients for the first tagX) of
ensure the smoothness of the rail and help to achieve a hIQHeTp — R, link is a superposition of the LoS component and

speed of the train when passing through hills. The propagati single-bounced (SB) components, and can be expressed as
of radio waveforms in this scenario is significantly affette Los .

by the steep walls on both sides. The LoS component can be hipg (t) = hioy (1) + hio, (1) (1)
observed along the route of the HST in this scenario. Here, we h
can identify two cutting scenarios: deep cutting if the ante where

mounted on top of the train is lower than the upper eave of Kpq (1)

. o ! , —; 27 Finaxt cos (pE(t) —
the cutting and low cutting if the height of the upper eave ishi%, (t)= eI IeTra(t) 127 cos(#50)-m)

lower than the top of the antenna of the train. Kpq () +1 (28)
1. A GENERICMODEL FORHST CHANNELS Ny
. o Y (27 f t
We consider an HST communication system that adopts h$5, (t) = L% 3 (Vni=2m feTpani(®))
the IMT-A cellular network architecture where mobile relay Kpq (t) + 1n1:1 VIV

stations (MRSs) are deployed on the surface of the train. As
a result, the end-to-end communications between the BS and
MS will consist of_two channels: outdoor channel and indoorrpe complex tap coefficients for other tafis< i < I) of the
one. Here, we will focus on the outdoor channel betweenr R, link is a sum of SB components only and can be
the BS and MRS in the different HST scenarios. A MIMO eipress(fed as

HST system is considered with transmit andU receive

omni-directional antenna elements. The BS is located on the . N

track-side with the minimum distance between the BS and thehi pq (t)= 135, () =/ Qi pq Z\/—N

o I fmaxteos (65 (1) —vr ) (2b)

mid of the track denoted aB,,;,. The time-varying distance ni=1
between the BS and MRS i®, (t) = /(D2 (1) + h?), i o (¥ni2m ferpan; (8) 92T fmaxtcos (65 (D=vr) | s o p
where h is the relative height between BS and MRS, and (3)

Dproj (t) = /(D2,, + D%, (t)) is the projection ofDy(t , - , .
or‘: tjh(e) railw\a/y( track pla\ﬁre(. )'Izhe distand®e(t) stands(f())r Itis \_/vorth mentioning that 'L’;S(Za)' (2b), anq (3), we havedim
the vertical distance between the bottom of the BS and th¥a7Ying parameters, (), 63°(t), Tpg,n, (t) (i = 1,..., I), and
projection of the MRS location on the railway track plane.cbg”)(t), which make the underlying GBSM a non-stationary
Fig. 1 illustrates the proposed GBSM, which consists ofone. If these parameters are not time-varying, then the GBSM
multiple confocal ellipses with single-bounced rays and th can be reduced to a side-sense stationary (WSS) one.

LoS component [7]. For clarity purposes, we use@MIMO
channel model in Fig. 1 as an example. The parameters in Fi?c')r
1 are defined in Table I.

In (2a), (2b), and (3)f; ,, designates the mean power
the ith tap, 7,4(t) = pq(t)/c, and 7pq p, (t) = (epn, (t) +
€n.q(t))/c are the travel times of the waves through the links
Based on the tapped delay line (TDL) structure, the taps aré, — R, and T, — s(ni) — R,, respectively, as shown in
represented by multiple confocal ellipses with the BS andSMIR Fig. 1. Here,c represents the speed of light and the symbol
located at the foci. There ar¥; effective scatterers on théh K, (t) designates the Ricean factor. The phasgs and
ellipse (i.e.,ith tap), wherei=1,2,....1 and I is the total 1, are independent and identically distributed (i.i.d.) ramd



variables with uniform distributions ovérm,7) and fiax is  function of mean AoAug) (t) can be expressed as (8) [7],
the maximum Doppler shift related to the MRS. From Fig. 1which is presented at the top of the next page.

and based on the law of cosines, we have [9] This model has been verified in open space scenario [7]

€pq(t)=D;(t)—kyAxr cos fr—k,Ax g cos( Ii"zs(t)_BR) by comparing its stationary interval \_/vith the one meaSl_Jred
(42) for a real HST channel and reported in [10]. In the following
two subsections, we explain the extension of the model in
Epn, ()~ gé"i)(t)—kprT cos ((br_(rni)(t)—ﬁ'f) (4b)  viaduct and cutting scenarios before verifying this exiams
using measurement data from both scenarios in Section V.

g €7 (O)—hyAar cos (6 (1)) @)
. Viaduct
where k, = (S-2p+1)/2, k; = (U-2¢+1)/2, and . . . _ Co
(n3) f B2 (§=2p+1)/ ! (n3) ( '(tJh )({”) B Fig. 2 shows a sectional view of the viaduct scenario with
r ' (8) = b5 (t)/ (ai(t)+fs(t) cos o (1) ) with &) = he main parameters of the viaduct structure that influence

a2(t)+f2()+2ai(t) fo(t) cos o8 (0))(ai(t)+ f4(t) cos o7 (1)) . the wireless signal received by the MRS mounted on the top
(l( JHs() (1)7:(1) cos 6 ))/( (71:(t) cos o™ )) of the train. The impact of the parameters of the viaduct

Note that the Angbg“)(t) and AoA ¢§§i)(t) are interde- Structure, especially the viaduct's heigltfyiag, on the HST

pendent for SB rays. The relationship between the AoD an§hannel can be observed through the Ricdasactor and

AoA for multiple confocal ellipses model can be given by [9] the distance between BS and MRS as follows. The time-
varying distance between the BS and MRS Ik (t) =
HOEWO S0

(5) A/ (Dgroj (t) + h2), whereh = Hgs — (Hviad + Hirain + Hwmrs
a3 (t)+ f2(t)+2ai(t) fo(t) cos ¢l (t) and Dproj (t) = /(D2 + D2, (t)). Moreover, Dye (1) =
VD2 (to) + (Wrt)? + 2Dyer (to) vt cos 'yR) and Dy, —

L+Wiiag/2. The Ricean¥ -factor, K, (¢), in viaduct scenario
can be expressed as

sin qﬁgf”)(t):

The time-variant LoS AoA#:?5(t) can be expressed as

Dy v 0s
Lo, 0 'fpzs(to)—i-arccos % ,—T <yr<0 B
Ty (t)_ LoS D, (to)+vRrtcosvr qu (t) ( B) -
7, (to) —arccos|===57—"), 0 <yr<m
: ) 0.012D, (t) +0.29, D, (t) < Dpp
where ¢5°S(tg) = arcsin(’;)pAi sin BT) denotes the initial
LoS AoA at timet = f. (ko) (—0.00037Hviad — 08 0.017) D, (t) 9)
Here, we use the von Mises PDF to describe the time- + (0-148Hviad+ e — 1-71) :Ds (t) > Dpp.

; (n4) (n4) it i
varying anglesp;. ' (t) and¢p, *’(¢) as it is a general function \ynere p, . is the breakpoint distance that can be considered

and includes some well-known PDFs as special cases, e. ; ;
. ; ; ; L s the intercept distance used to remove the effect of the
uniform and Gaussian PDFs [9]. The von Mises PDF is de‘c'ne%ntenna. P

as f(¢) éexp [k cos(¢p—p))/[2m 1o (k)], where i is the mean
value of anglep € [—7, 7), Io(-) is the zeroth-order modified B, Cutting

Bessel function of the first kind, and (k > 0) is a positive ) ) . . . .
real-valued parameter that controls the spreag.ofpplying A sectional view of the cutting scenario with the main
the von Mises distribution to the time-varying AoAs, we Parameters of the cutting structure is illustrated in Fig. 3

(4) A (4) G) () () The cutting structure, especially the sides, has a significa
get f( 1(?)) (t) Zexp [kR COS((bR “Hr (t))}/[%lo (kR )J impact on the HST wireless propagation characteristicsvas

whereué is the mean angular value of the AQA? and/g};) explained earlier, the cutting scenario can be furthersdiasl
is the relevant von Mises parameter that controls the spséad into deep cutting eyt > Hiyain + Humrs) and low cutting

@) similarlv. we can ge ( (z‘)) A with 19 and:?. B (Heut < Hyain + Hurs) scenarios. While the high altitude
Or simrarly, we can g yc or (.) Hr T 5 ot the BS results in a dominant LoS component at the MRS
considering a non-isotropic scattering environment, weuse

the modified method of equal areas (MMEA) to calculate th side, the richness of the scatterers at the sides of thengutti

N; Swill increase the possibility of multipath components anaym
discrete AoAs{¢§{,“) ) that can be determined by finding Iead_ to a severe fading_. The impagt of the parameters of the
the solutions of the foflowing equation using numericaltroo CUtting structure, especially the cuttings’s dimensidfig, and
finding techniques [9]: Waown are represented by the RiceAnrfactor and the distance
' between BS and MRS. The relative height between BS and
e Mrl]?ls can be calculatec/i aiszh Hew+ HBsf— (Hrain + I(fn)/ms)
— i (%) G) _ o . while Dy, = L 4+ Wyp/2. The Riceank-factor, K, (), in
N; /f ((bR ) (t)dop =0, ni=1,2,...Ni. (7) cutting scenario can be expressed as
1

7 (o) g (t) (dB) =
where reasonable values of;, are in the range of 40 — 50. 0.027D, () +0.41 (Wap+ Waown) — 30.78, D4 (t) < Dpp

The MRS is moving with the speed of in the direction

defined by the angle of motiopk. Correspondingly, the AoAs | —0.0036D5(t) +0.41 (Wyp+ Waown — 24.66, D (t) > Dpp.
and the axes of the ellipses will be changed. The time-vgryin (20)

Uz




’L)Rtffgi)(t()) cos ('yR ,ugé) (tg))

YR — arccos

- <yr <0

Hi ()=

VR (t0)+(wrt)*—2657 (to)vrt cos(vr—u (o))

VRt— f(n"”)(to) cos (’YR—N%) (to))

(8)

0<9yr <

YR + arccos

VERT (t0)+(wrt)?—26 5 (to) vt cos(yr— ik (to) )

)

Table 1l shows typical values of the different key scenario-
specific parameters introduced earlier. These values ane su
marized based on a comprehensive survey of HST measure-

ment campaigns in viaduct and cutting scenarios.

IV. CHARACTERIZATION OF THE HST CHANNEL MODEL

b (1) 2B {n), 0G0} =E{nd®ht,0)},  (5b)

by (1) 2 E {h;q(t)Q} -E {h;;?q(t)Q} : (15¢)

whereh! (t) and h$ (t) denote the in-phase and quadrature

In this Section, we will derive some of the statistical components of the complex fading enveldpg(t), andh;,, (t)
properties of the proposed generic non-stationary HST GBSMBNd A, (t) denote the first derivative of! (t) and h%(t),

A. Time-variant Autocorrelation Function (ACF)
The normalized time-variant ACF can be derived as
E {hl pq hf pq( - At)}

b
AY Q%quZyp’q’

where(-)* denotes the complex conjugate operation Brid}
designates the statistical expectation operator.

r(t, At)= (11)

In the case of the LoS component,

KP‘I (t)

327 fmax cos(d)Los(tht)f'yR)At
14 Kpq (t)

rHON(t, At)= . (12)

In the case of the SB component,

N;
1 e]Qﬂf(nl)(t At)

A = R @)

77,»;:1

727 fmax €cOS <¢R"77) —'yR) At

X e . (13)

B. Time-variant Level Crossing Rate (LCR)

respectlvely
Using (1) — (3), the parametebg (¢), b1 (t), andb, (t) can
be calculated as
1
bo (1) = 16
0() qu(t)—f—l’ ( a)
N,
b t 7
bl (t) - 0 () Z fmdx COS((b( ) - 'YR) (16b)
4 n,;:l
N.
bo (t d 2
b2 (t) - (}\E) Z |:fmax COS((b( ) - ’YR) (16C)
4 ’n.izl

C. Sationary Interval / Sationary Distance

The stationary interval can be calculated using averaged
power delay profiles (APDPs) that can be expressed as [10]

k+Nppp—1

Z |hpg (tk, 7) |2

k

where Nppp is the number of power delay profiles to be
averaged,t; is the time of thek-th drop (snapshot), and
hpg (tk, T) :Zle hi pg (tx) 0(7 — 7). The correlation coef-

1
Nppp

Py (te,7) = 17)

The LCR, L(t,r), is by definition the average number of ficient between two APDPs can be calculated as

times per second that the signal envelofig,(t)|, crosses
a specified levelr with positive / negative slope. Using the
traditional PDF-based method [11], we derive the expr@ssio

of LCR for HST channels as

2r/Kpq (1) + 1
73/2

/2
X / cosh ( \/qu ) (Kpg (t) + 1) - 7 cos 9)
0

x [em 00" oy (1)sin g - erf(x (1) sin6)] o, (14)

L(t,r) = B (t) e~ Kpa ()= (Kpq () +1)r?

wherecosh(-) is the hyperbolic cosine function, éif is the
error function,B (t) = ba(t) andy (t) is equal to

bo(t)
Kpq (£)3 (1) ;
(bo(t)bz(t)lb?(t)). Finally, parameterg, (t), b1 (¢), andbs (t)

are defined as
bo (¢ E {h

b2 (t) )

|2 (15a)

2} =Kk {hgq(t)Q

fP_h(tk,T)P_h(tk + At,7)dr

c (tk, At) = — 3 — 3 .
max{ [ Py, (ty,7)"dr, [ P, (tx + At,7)"dr}
(18)
The stationary interval can be then calculated as
TS (tk) = maX{At|C(tk-,At)zclhresh}7 (19)

whereciresnis a given threshold of the correlation coefficient.
Analogously, the stationary distance can be calculated as
SD(tk) = maX{AD|C(tk-,At)zclhresh}7 (20)
where AD = vg x At.

V. NUMERICAL RESULTSAND ANALYSIS

In this section, we will verify the theoretical results of
the derived statistical properties in Section IV using vatd
measurement data from the literature.



A. Viaduct This agrees with the range of the measured averaged stationa

Here, we compare the derived ACF and LCR with the Onesmtervals that is reported in [14] as 2.8 m - 4.2 m.

of the measured HST channel in viaduct scenario reported
in [12]. Unless specified otherwise, the parameters for our VI.. CONCLUSIONS

analysis, obtained from the measurement campaign in [12], | this paper, a novel generic HST GSBM is proposed for
are:f. = 930 MHz, vg = 180 km/h, L = 15m, Hyiaa = 20 M, gifferent HST scenarios. This generic model takes into asto
Hes = 44 m, Hyrs = 30 cm, Hiain = 3.8 m, cellular radius  the impact of different scenario-specific parameters oheac
= 2502 m, therefore D (¢) € [0,2502) m ,a; = 5*+150 M, H{ST scenario on the wireless channel, e.g., the height of the
Dpp = 400 m, vg = 0, and N = 50. Fig. 4 shows the yiaduct and the dimensions of the cuttings. Verified by real
absolute values of the ACFs of the proposed generic HSeasurement data from the literature, the proposed model ca

model and the measured ACF taken from Fig. 9 (Case 3) ipe applied on three of the most common HST scenarios, i.e.,
[12]. Since the measurement has been conducted under GSlpen space, viaduct, and cutting.

R system, the measured channel is a narrowband one and hence
we usedh, (t, 7)= h1pq (t) 6(7—71) Wherehy ,, (t) is given
in (1). It is noteworthy that the ACFs in Fig. 4 are plotted as
functions of distancé\ D = vy x At for comparison purposes. The authors gratefully acknowledge the support of this vicokn
. . the EU FP7 QUICK project under Grant PIRSES-GA-2013-612652

Fig. 5 shows the LCR of the measured channel, Obtamefr\e EU Hzozg 5G WiFr)eIfJess project under Grant 641985, thestﬂ;i
from Fig. 8 in [12], and the derived LCRs of the proposedof Science and Technology of China through the 863 Proje&Gn
generic HST channel model. The very good agreement ba&mder Grant 2014AA01A707, the National Science and Tecyyol
tween the proposed generic model and the measurement dafajor Project under grant 2014ZX03003012-001, and 973egtoj
demonstrates the utility of our HST generic channel model irunder grant 2012CB316100.
viaduct scenarios.
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TABLE I. DEFINITION OF PARAMETERS INFIG. 1.
Parameters Definition
D,(t) distance between the BS and MRS
fs(t) half length of the distance between the two foci of ellipses
a;(t), bi(t) semi-major axis and semi-minor axis of tiih ellipse, respectively
VR, YR MRS speed and angle of motion, respectively
Azp, 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 plaekt{ve to the x-axis), respectively
qb',}?ps (t), g“) (t) A0A of the LoS path and AoA of the wave travelling from an effee scatterers("i) to the MRS, respectively]
o) (1) AoD of the wave that impinges on the effective scatter&t:)
€, 5;"”(15), andfg“(t) distancesd (T}, MRS), d (BS, s("i)), andd (s("i), MRS), respectively
€pqs Epnyr Engq distancesd (T, Ryq), d (Tp, s("i)), andd (s("i), Rq), respectively

TABLE II. T YPICAL VALUES OF PARAMETERS INFIGS. 2 & 3.
Viaduct | Values Cutting | Values
Hyiad 10-30m Heyt 2-10m
Hpgs Hyiag + (20 — 30) m Hpgs 20-30m BS
Hwrs | 30 cm Hwrs | 30 cm A
leain 3.8m leain 3.8m ( )
L 10-30m L 10-30m
Whiad 10-20m Waown 14 -20m ¢H
W | 45-65m MRS
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Fig. 2. The viaduct scenario.
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Fig. 1. The GBSM for a wideband MIMO HST channel.

[14] High speed railway channel characterstics, draft revision to Recom-
mendation ITU-R P.1411-7, Document 3K/143-E, Apr. 2015.

Fig. 3. The cutting scenario.
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Fig. 8. The stationary distances of the generic HST channel
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