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Abstract: In order to meet the requirements of higher economic operating speed, constructing a
vacuum tube operating environment is an important direction for the future development of ultra
high speed rail transit technology. Due to the non-stationary nature of wireless channels during ultra
high speed movement, traditional wireless channel models are no longer suitable for ultra high speed
train communication systems in vacuum tube scenarios. Existing channel modeling methods cannot
accurately reflect the wave propagation characteristics. This article is based on the GBSM (Geometry
based Stochastic Model) modeling method, which abstracts it as a two sphere geometric model from
the actual scene and simulates the vehicle ground wireless channel model. In the model, obstacles
encountered on the propagation path of waves are fitted into effective scatterers randomly
distributed on the surface of a geometric object. The space-time correlation function (STCF), cross
correlation function (CCF), and auto correlation function (ACF) of the model are derived to analyze
the time-varying characteristics of the channel. The experimental results indicate that LOS
components and Doppler effects have an impact on the channel characteristics of the entire system.
This provides theoretical and technical support for the wireless communication system of the vacuum
tube maglev system.

Keywords: vacuum tube; wireless channel; time-varying characteristics; GBSM modeling

1. Introduction

With the vigorous development of rail transit technology, wireless communication technology
in vacuum tube environments has also been studied in recent years. However, due to the special of
vacuum systems, their electromagnetic signals propagate in confined and enclosed spaces. If the
vacuum tube maglev system uses traditional wireless free wave access, the wireless link between the
base station outside the vacuum pipeline and the passengers inside the carriage will undergo two
major penetration fading (metal pipeline and vehicle body), resulting in a sharp decrease in the
signal-to-noise ratio of the receiving end signal. Therefore, the traditional wireless access method is
not suitable for the operation of the vacuum tube maglev system. The use of leaky wave system for
vehicle ground communication is currently a suitable and feasible approach [1]. The leaky wave
system is used for coupled transmission, and the leaky wave structure is installed at the top of the
vacuum tube, with its coverage field diffusing and radiating inside the metal cavity. To provide a
more reliable theoretical basis for the design of communication systems in vacuum tube scenarios, it
is necessary to establish a MIMO channel model for vacuum tube scenarios and study its time-
varying characteristics.

Millimeter wave communication systems have the characteristics of large communication
capacity, good security and confidentiality, high transmission quality, and all-weather
communication [2]. They can provide highly reliable and low latency data transmission during high-
speed train operation. So currently, 38GHz millimeter wave is used as the communication frequency
for the vehicle ground communication system.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The most commonly used channel model currently is the Geometry based Stochastic Model
(GBSM), which is based on geometric distribution. The propagation characteristics of waves mainly
depend on the distribution of scatterers in the channel environment. In order to maintain ease of
processing, it can be assumed that the effective scatterers of GBSM are all located on regular shapes
[3]. Reference [4] proposes a single reflection channel model based on geometric distribution, which
describes a non frequency selective Rayleigh fading channel model but only considers a single
reflection path. Reference [5] introduces a vertical dimension on this basis and proposes a 3D massive
MIMO GBSM model, studying the spatiotemporal correlation function and influencing factors of the
model. Reference [6] proposes a double sphere model, in which scattered objects such as walls and
floors are randomly distributed on a spherical surface surrounding the transmitting and receiving
antennas in a closed indoor scene. In this 3D model, both the transmitting and receiving antennas are
fixed and the mobility of the antennas is not considered.

Based on the particularity of vacuum tube scenarios (closed characteristics), this paper
introduces the high-speed mobility of trains and the height difference of transmitting and receiving
antennas on the basis of [6], proposes a MIMO GBSM channel model suitable for vacuum tube
scenarios, and studies the time-varying characteristics of the model, providing theoretical and
technical support for the wireless communication system of vacuum tube maglev trains.

2. Materials and Methods
2.1. System Model

The vacuum tube scenario is different from the normal train operation scenario. In order to meet
the requirements of higher speed operation, maglev trains travel at ultra-high speeds in low
mechanical friction, low air resistance, and low noise mode inside the vacuum tube, with a speed of
up to 1000km/h. Therefore, higher requirements are placed on the communication stability and
reliability between the train and the ground [7]. But its mobile communication system environment
is limited to a fixed metal cavity. When electromagnetic waves propagate in tubes, in addition to
direct radiation, they are also reflected by tube walls and vehicle bodies. The physical structure and
communication method of the vacuum tube scene, as shown in Figure 1, is a closed environment. The
leaky wave structure is installed at the top of the vacuum tube, and the receiving end is on the ultra
high speed maglev train. The communication channel between the two is confined in a limited space.
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Figure 1. Schematic diagram of vacuum tube communication scenario.

Because dipole antennas can form omnidirectional radiation, dipole antennas are used as
transmitting and receiving antennas to study their radiation patterns, and the dipole antenna is
placed in a steel material pipeline to study the changes in its radiation pattern. The radiation pattern
is as follows Figure 2.
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(b)

Figure 2. Radiation pattern. (a) Radiation pattern of dipole antenna; (b) Radiation pattern of dipole antenna in
metal tube.

All obstacles (scatterers) in the wireless communication environment are located within an
approximately spherical area centered around the transmitting antenna, and the propagation
environment is the radiation coverage area of the omnidirectional antenna. Based on a certain statistical
distribution, the wireless mobile communication system is simplified into a mobile communication
system with MT transmitting antennas and MR receiving antennas. In the case of a wide propagation
range, the height difference between the transmitting and receiving antennas can be ignored. However,
in the narrow space of the vacuum pipeline maglev system, the height difference between the
transmitting and receiving antennas cannot be ignored. The 3D MIMO GBSM in the established
vacuum pipeline scene is shown in Figure 3, and its parameters are listed in Table 1.

Figure 3. 3D MIMO GBSM in vacuum tube scene.

Table 1. Definition of Channel Model Related Parameters.

Parameter Significance
D The distance between the transmitting end and the receiving end
0,,0, The spatial position of the transmitting antenna and receiving
antenna
R., R, R, Tube radius, length of sphere radius around 7, and R,
0,,0, The azimuth angle of 7, and R, antennas
O, Op Elevation angles of 7, and R, antennas
v The moving speed of R, antenna

(ni) (m)(_ 12,3) The departure azimuth from the transmitting end to the Si(m) th
[2¢ ;s & 1=1,z, . . i
T /7R scatterer and the arrival azimuth from the Si(m) th scatterer to the

receiving end
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The departure angle from the transmitting end to the Si(ni) th
ﬁgﬁ), ﬁl({ni) ((i=1,2,3) scatterer and the arrival angle from the Si(ni) th scatterer to the
receiving end
ak0S, gLOS Representing the direct path arrival azimuth and arrival elevation
"FR angle respectively

Epqr Eponiv Enieq  Representing the path lengths between separatelyT, — R, . T, —

& & £ Si(ni) N Si(ni) — Ry, Sﬁﬂ - 532\ Or — Si(ni) N Si(ni) — Og separately
nl-n2’> “T-ni’ Zni-R

i The height difference between the transmitting and receiving

antennas

2.2. Model Calculation Method

The number of antennas M, at the transmitting end and M, at the receiving end can be extended
to any number, with p and g being the p -th antenna at the transmitting end and the ¢ -th antenna at
the receiving end, respectively. The sequence number of the antenna satisfies I<Sp<p'<M,,
1< g <q'<M,. Multiple reflections can be seen as a combination of single and double reflections. In

order to reduce the complexity of GBSM, only the line of sight path LOS, single hop path, and double
hop path are considered. In this model, the antenna at the transmitting end is referred to as 7, and

the antenna at the receiving end is referred to as R, . There are effective scatterers such as maglev
train bodies and pipeline walls near 7, . There are effective scatterers such as the maglev train body
and pipeline walls near R, . Assuming N, effective scatterers are randomly distributed on a
spherical surface with O, as the center and R; as the radius, the n,(n, =1,2,---,N, ) th scatterer is
denoted as S™Y. Similarly, N, effective scatterers are randomly distributed on a spherical surface
with O, as the center and R, as the radius, and the n,(n, =1,2,---, N, ) th scatterer is denoted as
S®M2_ A cylinder with radius R. is used to simulate the effective scatterers of the tube wall, with
N, effective scatterers, and the n, (n, =1,2,---, N, ) th scatterer. The scatterer is denoted as $™3.

The MIMO fading channel can be represented by a matrix H(t) = [ﬁpq (t)]MTxMR in the
M, xM, dimension, where 4,,(t) is the time-varying channel impulse response between the p-
th transmitting antenna and the g -th receiving antenna, and can be expressed as the superposition
of LoS, SB, and DB components. That is

Iy (1) = I (0)+ g (6)+ 17 (2) O

Among them, the LoS component, SB component, and DB component are respectively

represented as,
KQ

h]f;’S( ) K_; /1 Fra 2 cosaf cos S o
+

g (8) = I (1) + I (£)+ I (0)

Q M _;2m o SB n o
77s31 ‘vq lim z 1 I (gpfnl +S""")e"2”/"l 11 cosay! cos By
V K+1 Noeim /N,

2z
nSBz 4 hm - I*( pemy Hem—q )ejan"SszlcosaZZ cos B2 (3)
K+1 M ~>cx> ol l
N- 2 y
T, qu lim 2 1 —/7”(%,,,3 +gn3,,,)e j27 ) tcosalf cos

K+1 N3‘>wn3:1 \/F}
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2
DB nDB IDB™"pq . l z jl(gpfﬂl FEu-my “'"141) J27 [ teosag? cos B
h ()= lim g e
K+1 Nl,zvﬁwn =p ,/NN
,=1
N, N 27
T]DBQ . L& 1 —J (%—n FEnmny + - ) 27 fPB tcosald cos B3
N ,1,4 lim z 2\ oo e Sy & cos By (4)
VK41 Moo 1V NV,
==

N. 2r
UDBqu lim 3 2 ./7(5,; m tEnyny ey q)ejanng”;ztcosa}? cos g2
K1 Moo £ 1,,2 ,/NN

K is the Rayleigh factor of the pg channel;

,, 1s the total power of the channel ; 7y, , 7,

N, » Mpz are the power correlation coefficient, there are 7y, +ng +ng +7,, =1; 1 is the

wavelength of electromagnetic waves.
Calculate the distance among them :
The distance between antenna p and antenna ¢

2
g, (0= \/[D+vt —(52—Tcos 0, cos @, —%cos 0, cos @, )} +h (%)

The distance between antenna p’ and antenna ¢’

2
£, (0= \/{D+ vt + (%cos 0, cos @, —%cos 0, cos gok)} +h’ (6)

The distance between antenna S, and scatterer S,

o (1) = \/[D+vt—RT cosa) — R, cos(ay —ap ]2 +[RT cos B — R, cos 3y ] +1 (7)

The distance between antenna p and scatterer S,

[ . . . .
1) =R, ——=(cos @, cos O, cosa;' cos B +sin B sing, +cos @, sind, sina;’ cos B') (8
p n ¢T T T T T T T T T T

The distance between antenna p’ and scatterer S,

n

0. . . .
1) =R, +—(cos @, cos O, cos ;' cos B —sin B sin cos . sin@, sin ' cos [ 9
¢T T T goT ¢T T T T

P -
The distance between antenna p and scatterer S,

_ 9 rg
265, (1)

The distance between antenna p and scatterer S,

(=6, )— [ . Sin S sin g, + (D + vt + R, cos 3 cos ay ) cos ¢, cos(a)” —HT)J (10)

"3 )
R, cos B cosay

\/sinz B +sin’ a cos® B

an(t) gT n1()

[sm ()sin B sing, +( )cos ¢, cos(y —HT)] (11)

5_
26, (1)

The distance between antenna p' and scatterer S,

by 0=, O+ 52— o i i sing, ~(— LSO o5, cos(ap —0y) | (12)
&, (0 \/sm B +sin® ap cos” B
The distance between antenna ¢ and scatterer S,
Oy .
&, () =&, () ——()[R sin ;" sin @, + (D + Vvt + R, cos B cosa]' ) cos ¢, cos(ay — HR)J (13)
R n

The distance between antenna ¢’ and scatterer S,

&g (O)=6p, (O+ 5—([R sin Sy sin@, — (D + vt + R, cos f;' cosa,' ) cos @, cos(ay — 6, )J (14)

28R7n]
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The distance between antenna ¢ and scatterer S,
5, AT o
&, (=R, —7(005 @, COs 0, cosayy cos By +sin By sin @, +cos @, sin @, sina;’ cos ;) (15)
The distance between antenna ¢’ and scatterer S,
5, o o
&, (=R, +7(cos @p €080, cosay: cos [ —sin Sy’ sin @, —cos @, sin 6, sinag cos fy*) (16)
The distance between antenna ¢ and scatterer S,
&, (=&, (=5, [sin " sin @, +cos 3y cos @, cos(ay — HR)] (17)
The distance between antenna ¢’ and scatterer S,
&, 0=, ()+35, [sin " sin @, —cos 3y cos @, cos(ay — HR)] (18)

The distance between the center of the sender's circle and the scatterer S, :

2
&, ()= \/(D+vt +R, cosay cos By ) +(R,sin B2 ) +h’ (19)

The distance between the center of the sender's circle and the scatterer S, :

2
ny ny
R, cos B, cos oy

&, ()= +(&,, Sin B )" + 4 (20)

\/sinQ B +sin” af cos® B

The distance between the center of the receiving end and the scatterer S, :

2
&g, (1) = \/(D +vt+ R, cosa) cos B! ) +(R,sin B ) +h* (21)
The distance between the center of the receiving end and the scatterer S, :

3 3
Iy R, cos B cos oy

\/sinz B +sin’ @ cos® B

&y, ()= (22)

3
COS Py

2.3. Statistical Characteristics of System Models

In order to more effectively evaluate the performance of MIMO GBSM in vacuum tube
environments, it is necessary to analyze the spatial and temporal correlations as well as statistical
characteristics such as Doppler of MIMO channels.

2.3.1. Space Time Correlation Function

STCT reflects the correlation between any two antenna elements in the geometric channel model
inside a vacuum tube in space and time. The spatiotemporal correlation function of any two sub
channels #, (t)and #,, (¢)can be expressed as:

E[h, (t)h), (t-7)]
E[|hpq (t)|2}E[|hp,q, (t)ﬂ

E{e} represents mathematical expectation operation; * Representing complex conjugate

ppqp’q’(57’5R’T): \/ :E[hpq (t)h;'q'(t_T)J(K"_l) (23)

operations.
Due to the independence of the LoS component and the SB and DB components of the near and
far scatterers.
The above equation can be expressed as the sum of STCFs with different components:

I
Py (5T55R’T) = pzf;)zf'q’ (§T’5R’T)+ ijqB;li’q’ (ET’5R’T)+pZi’q’ (5T’5R’T) . (24)
i=1
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Among them, the LOS part can be defined as:
P27 e ; Los LOS
g " 2
pﬁ;;q (§T,5R,T)=Kqu e 2 ( P'=q' " p 4) 'e/ /rrf cosay > cos By (25)
The SB part can be defined as:
77s3 & P 15 Bl
‘ T, Cosaz Ccos
quPq (5 5 T) (K I)N n_)wze g j ‘ ! (26)
. SBI =y Yy T g SBy T, Ve, T, T, SB; =y Ty T Epy g .
]uSt. 1 1 1 - 2 2 2 270 3 3 3 374,
The DB part can be defined as:
Q MY 'ZlDB . DB m o
DB 77DB Pq . J | J27 fuy T COS R €OS ) 2
Pra (o 90:7)= mﬁm 33 e R et
[EEAC R S =1
nDBqu A DBZ /ZﬂfDB Tcosag? cos Bt
i 33 @7
(K+1)NN Ny, N% ® =l ny=1
77Db‘(2pq 23: ie ~DB, j2ﬂfDB Teosay’ cos By
(K+1)N,N, ¥ Nzﬁ mliml
Iust' DBI = gl"*"l + g”z -q' _gP*VH - g"z*q DBZ = gP'*"l + g"s*q' - gl’*"l - 8”3*‘1
. 7 7
DBy =¢,., +¢&, _,—¢€,, €,

2.3.2. Time Autocorrelation Function

The time autocorrelation function reflects the impact of multipath effects inside the pipeline
from a temporal perspective, reflecting the correlation between signals arriving at the receiving end
through different paths. By setting J, =, =0 in STCT, its expression can be derived.

2.3.3. Spatial Cross-Correlation Function

The spatial cross-correlation function studies the impact of the correlation between different
antenna elements on channel performance from a spatial perspective. When the antenna spacing is
too small, it can cause channel fading and result in errors. So CCF is also the key to reflecting the
internal channel performance of pipelines. If 7=0 in the previous STCT, its expression can be
obtained.

2.3.4. Doppler Power Spectral Density

The movement speed of the ultra high speed train inside the vacuum tube causes Doppler
frequency deviation, which affects the channel performance.

DPSD can be obtained by Fourier transform of the time-dependent function ACF, and the
specific expression is:

SUp)= | Py (D)7 d (28)

However, due to the different Doppler shifts of the LoS, SB, and DB paths, it is necessary to first
calculate the ACF and Doppler frequencies of the three paths to obtain the DPSD of the LoS, SB, and
DB paths, and then composite and stack them.

Ss(£,) =] pros (@7 dr (29)
S (fu) = [ pa(@)e v dr (30)
Sps(fos) = j: Pps (T)eiﬂﬂfmrdf (3 l)

S(fD):SLos(fM)+SSB(fSB)+SDB(fDB) (32)
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3. Results and Discussion

By analyzing the scattering path of the random geometric model of the vacuum pipeline maglev
system and mathematically deriving its geometric relationship, the expressions of STCT, ACF, CCF,
and DPSD for the reference model and simulation model of the entire system were obtained.
However, it is difficult to intuitively see the trend of the autocorrelation function over time or space
solely based on mathematical formulas. Therefore, in this study, MATLAB was used to simulate the
obtained mathematical model.

Based on the channel model proposed in this article, statistical characteristics analysis was
conducted, and the selected parameters are shown in Table 2:

Table 2. Channel model parameters.

Parameter Assignment

fe 38GH:z
D 500m

R., R, 2m

‘9T’ HR /4

Pr, r /4
Msp, 0.1
Mss, 0.2
sz, 0.3
by 0.4

As shown in Figure 4, when a certain specific value is taken, the change of has almost no effect
on the value of CCF. And when a certain value is taken, the change in has almost no effect on the
value of CCF. This means that the elevation angle of the transmitting and receiving antenna elements
has almost no effect on the spatial correlation of the channel.

Receiving end elevation angle ¢, (* ] Transmitting end elevation angel ¢ ( ) «

Figure 4. The influence of the elevation angle of the transmitting and receiving antennas on CCF.

As shown in Figure 5, the purple solid line is the simulation model, and the green solid line is
the reference model. There is a steep downhill trend as the distance between the rceiving antennas
increases, followed by a slight fluctuation as the distance between the receiving antennas increases.
This indicates that the presence of LOS components will have a certain impact on CCF, causing it to
fluctuate. And the curve trends of the simulation model and the reference model are roughly the
same, which also verifies the correctness of the simulation model.
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0 0.2 04 06 0.8 1 12 14 16

Receiving antenna spacing 5z / A
Figure 5. Trend chart of CCF variation with receiving antenna spacing.

Figure 6 shows the temporal variation of Doppler power spectrum at different speeds. It can be
seen from the figure that when v=1000km/h, the Doppler power spectrum is most concentrated and
has the highest value. When the speed increases to 1400km/h, the energy relatively decreases. When
the speed decreases to 600km/h, the power spectrum disperses into two clusters and the energy is no
longer concentrated in one place. This indicates that the speed variation of trains in the pipeline will
affect the channel performance.

¥=B00.0 kwh
w=1000.0 kv
¥=1400.0 kv

P TN R R T SN T DT, W T T LS | SR § T L SR | P 1| ) —

37 72 s 3re s 38 362 384 386 368 39
f(GHz)~

Figure 6. DPSD versus velocity variation graph.

The definition of the Rayleigh factor K is the ratio of the variance of the LOS path signal to the
multipath signal, which represents the proportion of LOS in the signal. The larger the value of K, the
greater the proportion of LOS. So this simulation investigates the impact of LOS components on
channel correlation by varying the K value. Simulations were conducted on the temporal and spatial
correlations at K=1, 5, 10, and 20 in the figure. From the Figure 7, it can be seen that the larger the Rice
factor, the higher the curves of ACF and CCF, so the more LOS components there are, the greater the
autocorrelation performance of the channel, and as the K value continues to increase, the interval
between the curves shortens, indicating that this influence is somewhat limited.
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Figure 7. (a)CCF versus Rice Factor Variation Chart;.(b) ACF versus Rice Factor Variation Chart.

4. Conclusions

This paper proposes a double sphere stochastic geometry model for the communication system
of ultra high speed trains in vacuum tube scenarios. By introducing different parameters such as train
speed and height difference of transmitting and receiving antennas, the channel characteristics of
STCF, DPSD, etc. are analyzed in detail. Considering the complexity of the algorithm, the model only
considers three paths: LOS, SB, and DB. Through geometric analysis, the STCF, ACF, CCF, and DPSD
of the three paths are derived and simulated using MATLAB. The simulation results show that the
Doppler effect has an undeniable impact on channel performance, and the larger the K value, the
greater the impact of LOS component on channel performance. Provide theoretical and technical
support for the wireless communication system of vacuum tube maglev train.
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