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Abstract. In recent years, wireless communications have been harnessed to enhance the 

performance, reliability, and passenger experience of high-speed railways (HSR). However, 

the demanding requirements of HSR systems, including high data rates, reliability, and low 

latency, present significant challenges for wireless communication technologies. One 

promising and effective approach to address these challenges is to increase system capacity 

through the use of multiple-input multiple-output (MIMO) techniques. Our study investigates 

radio wave propagation in high-speed railway environments using MRS (Mobile Relay 

Station). Through simulations based on a non-stationary geometry-based stochastic channel 

model, we evaluate the performance of MIMO techniques. Our findings reveal that while 

MIMO can significantly enhance system capacity, its practical gains in HSR environments 

are lower than predicted by theoretical models, primarily due to the significant deviations 

from ideal channel conditions. By analyzing numerical results on the effectiveness of MIMO 

configurations in enhancing system capacity, the paper determines the optimal number of 

transceiver antennas required to achieve the desired capacity increase without compromising 

design complexity. The evaluation methodology presented in this paper can serve as a 

valuable tool for predicting the performance of HSR communication systems before investing 

in costly hardware implementations. 
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1. INTRODUCTION  

High-speed rail (HSR) is a key indicator of a nation's development, facilitating 

international trade and stimulating economic growth worldwide. Renowned HSR systems like 

Japan's Shinkansen, Germany's Intercity-Express (ICE), France's Train à Grande Vitesse 

(TGV), and China's CRH operate at speeds between 300 and nearly 600 km/h. Global high-

speed rail networks are expected to span millions of kilometers by 2030 [1]. Vietnam is 

planning to construct a 1,545-kilometer high-speed rail line from Hanoi to Ho Chi Minh City, 

targeting a top speed of 350 km/h and completion by 2035 [2]. 

Wireless technologies have advanced significantly in recent years, meeting the growing 

communication demands of intelligent transportation systems (ITS), particularly in the context 

of high-speed rail (HSR). They enhance HSR safety, efficiency, and sustainability by enabling 

real-time monitoring, reducing costs, expanding connectivity, and supporting advanced 

applications [3]. Current wireless technologies, including Wi-Fi, WiMAX, LTE, wireless 

sensor networks, wireless ad-hoc networks, and emerging 5G technologies, are crucial for 

developing intelligent transportation systems for both terrestrial and aerial vehicles. These 

technologies can significantly improve operation, efficiency, reliability, and passenger 

experience, but each communication network must be designed and configured to meet the 

specific requirements of the transportation system [3], [4]. 

Designing communication systems for high-speed rail (HSR) presents significant 

challenges, including high mobility and Doppler effects, seamless handover, and signal 

propagation issues in complex environments. These systems demand high bandwidth, low 

latency, effective interference management, energy efficiency, and robust security measures to 

ensure reliable and safe operation [5], [6]. Current research suggests that the transmission rate 

per train carriage, currently around 40 Mbps, could increase to 0.5-5 Gbps in the future, 

presenting significant challenges for existing railway wireless communication systems [5]. 

MIMO technology has emerged as a critical component of HSR communications due to its 

ability to enhance signal quality and spectral efficiency. MIMO is essential for improving the 

physical layer, mitigating rapidly changing fading environments, managing complex 

interference, and bolstering the robustness of wireless links in next-generation railway 

communication systems [7]. MIMO capacity increases linearly with the number of transmit and 

receive antennas when channel elements are uncorrelated, as in an i.i.d. Rayleigh fading model 

[8]. However, the strong line-of-sight (LOS) component in HSR environments limits the 

effectiveness of conventional MIMO techniques [6]. Additionally, the benefits of MIMO are 

realized only when the channel has multiple separable multipath components. To fully leverage 

the potential of MIMO, the MIMO channels must have a large number of significant singular 

values. If this condition is not met, the achievable MIMO gains may be substantially lower than 

theoretical values [9]. In such cases, the application of MIMO techniques must be carefully 

evaluated, as the additional benefits may not compensate for the increased hardware complexity 

and significant rise in signal processing requirements for the transceivers. 

Evaluating the capacity of MIMO-OFDM systems in HSR communication systems is 

crucial for performance assessment. System capacity is not only a performance metric but also 

a fundamental parameter for system design. However, the author's survey identifies a 

significant gap in the literature regarding the evaluation of MIMO-OFDM system capacity for 

HSR. Existing studies [8], [10], [11], [12], while addressing this topic, have utilized channel 

models that are insufficiently accurate to fully capture the complex propagation effects in HSR 
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environments. To determine the MIMO system capacity for HSR, the channel model in [10] is 

considered with distance-dependent path loss characteristics, and the time correlation 

coefficient of the channel is calculated using the Bessel function. While the capacity of Cell-

Free Massive MIMO-OFDM for HSR Communications in [11] is investigated by assuming a 

combination of line-of-sight (LOS) and a large number of statistically independent non-line-of-

sight (NLOS) paths with random amplitudes. The paper [8] evaluated the capacity of a 2x2 

high-altitude platform (HAP)-MIMO system for HSR communications based on the elevation 

angle of the incoming wave relative to the train's movement. The wireless HSR channel is 

modeled as Rician fading with Rician K-factors of 10dB and 30dB. The paper [12] proposed a 

low-complexity beam selection scheme to mitigate inter-beam ambiguity (IBA) as the train 

approaches the cell edge. Throughput performance was evaluated assuming small-scale fading 

follows a standard normal distribution. Based on the analysis of existing research, this paper 

will address these gaps by conducting a comprehensive study on the capacity of MIMO-OFDM 

systems for HSR communications, leveraging a more accurate channel model capable of 

capturing the intricate propagation effects inherent in HSR. 

In HSR communications, unique propagation environments, such as tracks, tunnels, and 

viaducts, create specific radio phenomena like multiple reflections and scattering, impacting 

signal behaviour. For example, in tunnels, MIMO system performance can be affected by the 

'Key Hole' effect and spatial correlation [7]. Additionally, extreme conditions, including high 

voltage near antennas, dust, rain, snow, and train vibrations, introduce impulsive noise and 

interference, complicating communication systems. Given the complex nature of these 

propagation environments, a channel model that accurately captures these characteristics and is 

validated by empirical data is essential. The wide-sense stationary (WSS) assumption, 

previously adopted to simplify HSR channel modeling [13], has been disproven by real-world 

measurements for HSR scenarios [14], [15]. The non-stationary nature of HSR channels 

significantly influences physical layer design and performance evaluation, as demonstrated by 

relevant measurements for HSR communication systems. Therefore, modeling HSR channels 

with non-stationary properties is crucial. 

This paper applies the non-stationary geometry-based stochastic model (GBSM) for 

wideband MIMO HSR channels in rural macrocells, as proposed in [16] and further improved 

in [17], [18], to evaluate the capacity performance of HSR-OFDM systems. Channel model 

parameters are derived from measured HSR data in [19] to enhance the model's realism. To 

assess the effectiveness of MIMO techniques in improving HSR system performance, the 

capacities of SISO, SIMO, MISO, and MIMO systems with various antenna configurations are 

inferred from the non-stationary HSR channel model. Numerical results demonstrate that the 

practical MIMO gains in HSR deviate significantly from theoretical predictions. Increasing the 

number of antennas does not result in a linear increase in capacity. In fact, for MIMO HSR 

channels, capacity is even lower than that obtained in Rayleigh fading channels, often 

considered the worst-case scenario for wireless channels. This discrepancy can be attributed to 

the low multipath diversity in HSR environments, leading to correlated channels and ill-

conditioned channel matrices. Consequently, using MIMO with a large number of antennas 

may not be the optimal solution for achieving high data rates in HSR communications, 

particularly for applications such as high-definition video surveillance and onboard broadband 

Internet. 

This paper is organized as follows: Section 2 introduces the non-stationary channel model 

and HSR system descriptions. Section 3 focuses on the capacity computation of MIMO-OFDM 
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systems for HSR. Numerical and simulation results are presented and analyzed in Section 4. 

Finally, conclusions are drawn in Section 5. 

2. SYSTEM DESCRIPTIONS AND CHANNEL MODEL 

Fig. 1 depicts the HSR system with Mobile Relay Stations (MRSs) mounted on the train's 

surface. Consequently, the end-to-end communication between the Base Station (BS) and the 

Mobile Station (MS) comprises two channels: an outdoor channel and an indoor channel. This 

paper will investigate the outdoor channel and exploit the benefits of MIMO to improve HSR 

communication performance.  

 

Figure 1. HSR communication system implementing MRS [16]. 

We consider a wideband geometry-based MIMO HSR channel model, depicted in Fig. 2, 

consisting of M transmit and N receive omnidirectional antennas. The channel is modeled as I 

co-focal ellipses with the BS and the train at their foci, along with a LoS component. The time-

varying distance between the BS and MRS is given by 2

2

min
( ) ( )sD t D D t= + , where 

min 50mD =  represents the minimum distance between the BS and the track, and ( )D t  is the 

projection of ( )sD t  onto the railway track plane. Each ellipse is assumed to have iN  scatterers. 

The semi-major axis of the thi  ellipse is ( )ia t , and its semi-minor axis ( )ib t  can be computed 

by 

 ( ) ( ) ( )2 2 ,i i sb t a t f t= −  (1) 

where ( ) ( ) / 2s sf t D t=  represents half the distance between the two foci of the ellipses. Other 

geometrical parameters of the MIMO-HSR channel model are detailed in Table I. 
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Figure 2. The geometrical ellipse model for MIMO HSR channels. 

Table 1. Geometrical parameters of the MIMO-HSR channel model. 

Parameters Definition 

( )sD t  The time-varying distance between the BS and MRS 

( )sf t  Half length of the distance between the two foci of ellipses 

( ),  ( )i it b ta  Semi-major and semi-minor axes of the ellipse, respectively 

,  R Rv   MRS Speed and direction of motion, respectively 

,T R   Tilt angles of the BS and MRS antenna arrays in the x-y (relative to the x-axis), 
respectively 

( ) ( ) ( ), i

p

nLoS

T Rt t   The LoS path and angles of departure (AoD) of the wave traveling from an effective 

scatterer 
( )in

s  to MRS, respectively 
( ) ( )in

T t  AoD of the wave that impinges on the effective scatterer 
( )in

s  

The time-varying channel between the BS and MRS can be characterized by the channel 

impulse response ( ) ( ) ( ),1
,

I

pq i pq ii
h t h t   

=
= − , where ( ),i pqh t  and i  represent the 

complex channel gain and propagation delay of the thi  tap, respectively. The complex tap 

coefficients for the first tap (i = 1) of the   p qT R−  link is composed of a line-of-sight (LoS) 

component  and a single-bounce (SB) component, as follow 

 ( ) ( )1, 1, 1,

LoS SB

pq pq pqh h t h t= +  (2) 

where 

( ) ( ) max2 cos( ( ) )2

1,
1

T
LoS

Rc pq p
j f t tj f tpqLoS

pq

pq

K
h t e e

K

    −−
= 

+
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( )
( )( ) ( )1

,1 1 max

1

1

1

21, 2 cos( ( )

1,

)

1 1

1
lim

1

n c pq n
R

n

R

N
j f tpq j f t tSB

pq

q
N

n

ph t e e
K N

     − −

→
=


= 

+
  

and p, q denote the pth (p=1,...,S) element of the BS and qth (q=1,…,U) element  of the MRS, 

respectively. The symbol pqK  represents the Ricean factor, and the average power of the thi

tap is represented by ,i pq . The propagation time of the LoS path is given by ( ) ( ) /pq pqt t c =

, while the propagation time of the SB path is obtained by ( ) ( )( ), , ( ) /
i ipq i p n n qt t t c  = + , 

where c is the speed of light. The phase 
in  is assumed to follow a uniform distribution over 

 ), − , and maxf  represents the maximum Doppler frequency. 

 For other taps (1 < i ≤ I), the complex tap coefficient is a sum of SB components only 

and obtained by 

 ( ) ( )
( )( ) ( )

,
max

1

2 2 cos( ( ) )

1,

1

, 1,

1
lim

i
n c pq n

R

n
i

i

i

Ri

N
j f t

i pq pq

t j f tSB SB

pq
N

n i

h t h t e e
N

     − −

→
=

= =    (3) 

The time-variant Angle of Arrival (AoA) of the LoS path ( )LoS

p t is expressed as 

 ( )

( )
( )

( )

( )
( )

( )

0

0

0

0

cos
arccos , 0

cos
arccos ,0

p

p

p

s R RLoS

T R

sLoS

T

s R RLoS

T R

s

D t v t
t

D t
t

D t v t
t

D t


  




  

  +
+ −     

  
= 

 +
+     

 

 (4) 

The distance between BS and MRS can be computed as 

 ( ) ( ) ( )
22

0 0( ) 2 coss s R s R RD t D t v t D t v t = + +  (5) 

Using the geometrical relations and all the angles defined in Fig.2, the mean angular value 

of the AoA 
( )i
R  is obtained as 

 ( )

( ) ( )( )

( ) ( ) ( ) ( )( )

( ) ( )( )

( ) ( ) ( ) ( )( )

( )

0 0

22( ) ( )

0 0 0

( )

0 0

22( ) ( )

0 0 0

cos
arccos , 0

2 cos

cos
arccos , 0

2 cos

i

i i

i

i i

n i

R R R R

R R
n n i

R R R R R R
i

R

n i

R R R R

R R
n n i

R R R R R R

v t t t

t v t t v t t
t

v t t t

t v t t v t t

  
  

   


  
  

   

  
− −  − −  

  
 + − −  

= 
  − −  +  
   + − −

  

 (6) 

The von Mises probability density function (PDF) is defined as 

( ) ( ) ( )0   / 2f exp kcos I k    −      , where μ is the mean value of angle  ),     − , 

0 ( )·I is the zeroth-order modified Bessel function of the first kind, and k ( 0)k  is a positive 
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real-valued parameter that controls the spread of  . The AoA of SB path ( )in

R t can be 

described by the Mises PDF 

 ( )( )
( ) ( ) ( )( )

( )( )0

exp cos
,

2

i

i ii

R R R
n

R i

R

k t
f t

I k

 




 −
 

 (7) 

where 
( )i
Rk is the relevant von Mises parameter that controls the spread of 

i

R . Similarly, we can 

get ( )( )( )i

Tf t  with 
( )i
T and 

( )i
Tk . The von Mises distribution for AoA modeling in HSR 

simulation channels has been shown to accurately represent real-world HSR channel 

measurements in previous studies [16-18]. 

Applying the modified method of equal areas (MMEA), the AoA of SB path ( ) 
1

i
i

i

N
n

R
n

t
=

can 

be specified by solving the following equation 

 ( )( )
( )

0

0

( )

1

4   d 0,           1,2, ,

ni
R

i
R

i
i i

R R i i

i t

n

f t n N
N



 

 
−

−

− = =   (8) 

Combining the results of ( ) 
1

i
i

i

N
n

R
n

t
=

obtained in Eq. (8) and the power delay profile (PDP) of 

HSR channel measurements, the parameters of the HSR channel model can be derived [20]. 

3. MIMO CAPACITY FOR HSR COMMUNICATIONS 

In this section, the capacity of a MIMO-OFDM system for HSR communications is 

computed with M transmit and N receive antennas in a heterogeneous environment under HSR 

propagation scenarios. 

The channel frequency response for the thk  subcarrier and antenna pair ( ),  p q is denoted 

as ( )
( ),( , ) p qp q

k sH H k T , where sT  is the OFDM symbol period and ( )
( ),p q

sH k T  which is 

obtained by taking the Fourier transform of the channel impulse response ( ),pqh t   with respect 

to propagation delay  . Under these conditions, we represent the channel for the thk subcarrier 

by an   N M matrix kH , which is defined as ... 

 

(1,1) (1,2) (1, )

(2,1) (2,2) (2, )

( ,1) ( ,2) ( , )

...

...

M

k k k

M

k k k

k

N N N M

k k k

H H H

H H H

H H H

 
 
 =
 
 
  

H  (9) 

The instantaneous capacity of a specific subcarrier, assuming no channel state information 

is available at the transmitter, can be defined for a given channel realization as  

, 2 ,  log     H

k H N k k

SNR
C det

M

  
 +  


=
 

I H H  
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where NI denotes an   N N identity matrix and the signal-to-noise ratio SNR is given by 

 
( ) 2

( ) 2
S

[| |] 2

[| |] 2
NR=

m

k S

n

Nk

S

N





=
=  (10) 

in which kS  and kN denote the transmitted signal and noise components of the thk subcarrier, 

respectively. 

For an OFDM system, the overall capacity is determined by summing the capacities of cN  

individual subcarriers 

 
1 1

, 2

0 0

   = log     .  
c cN N

H

H k H N k k

k k

SNR
C C det

M

− −

= =

  
  
 

= +


  I H H  (11) 

To obtain the average capacity (average over several channel realizations), the ergodic 

capacity must be calculated and is given by [ ]
kH HC C= . 

4. NUMERICAL RESULTS 

This section presents a collection of performance results related to the ergodic capacity of 

the MIMO-OFDM system over the wideband geometry-based HSR channel model. The 

number of subcarriers is assumed to be 1024cN =  unless specified otherwise. 

A MIMO-HSR channel model was configured for system simulation based on the HSR 

channel measurement results in [19] for the Closer Area (CEA) scenario. The power delay 

profile (PDP) of the CEA scenario has three taps with propagation delays of 

1 2 0,   0.4µs = = , and 3  1.2 µs = , respectively. The PDP was used to calculate the distance 

between different confocal ellipses. The initial distance is ( )0 135mD t = , min 50mD = , and the 

LoS Rician factor ' '    6dB.pq p qK K= =  The initial angle of arrival (AoA) 
( ) ( )0   45
i

Rµ t =  and 

the concentration parameter of the von Mises distribution 
( )

  6
i

Rk = . The movement angle of 

the MSR speed was set to 
0  30R = . Simulations were conducted with a vehicle speed of 360 

km/h, a carrier frequency of 2.6 GHz, and a linear antenna array with varying numbers of 

antennas to evaluate the MIMO's impact on HSR system capacity. 

Fig. 3 compares the SISO capacity of CEA scenario to AWGN and Rayleigh channels. The 

time-varying HSR channel results in a lower capacity than the ideal AWGN channel but higher 

capacity than the Rayleigh channel, a common model for worst-case wireless performance. 

In contrast to the SISO results, the MIMO (2x2, 3x3, 4x4) HSR channels in the CEA 

scenario illustrated in Fig. 4 exhibit a different trend. For all MIMO systems, as the number of 

transmit and receive antennas increases, the ergodic capacity in the Rayleigh channel case is 

consistently better than that obtained in the actual HSR scenario. Specifically, for the 2x2 

MIMO system, the CEA scenario performs almost as poorly as the Rayleigh channel. As the 

number of antennas increases to 3x3 and 4x4, the HSR environment with time-varying MIMO-

HSR channel models exhibits even worse performance. This can be explained by the fact that 

in Rayleigh channels, the phase fading at each antenna is assumed to be uncorrelated [9]. In 

contrast, for the complex multipath environment of HSR, there can be significant correlation 
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between the received antennas, leading to lower capacity. In conclusion, using the Rayleigh 

channel to evaluate HSR MIMO systems is not reliable as the results will be overly optimistic 

compared to real HSR systems. 

 

Figure 3. Comparison of SISO capacity in CEA scenario versus AWGN and Rayleigh channels. 

 

 

Figure 4. MIMO capacity in CEA scenario compared to Rayleigh channel. 

Increasing the number of transmit and receive antennas in the HSR systems can enhance 

system capacity but may also increase system complexity. While MIMO configurations are 

often preferred, SIMO or MISO systems can also offer capacity gains in certain scenarios and 

may require less complex hardware. Fig.5 shows the capacity comparison for SISO, SIMO 

(1x4), MISO (4x1), and MIMO (4x4) configurations. The results demonstrate that the MIMO 

(4x4) configuration offers a significant capacity gain, especially at high SNR values. For the 

SIMO (4x1) configuration, increasing the number of receive antennas alone does not 

significantly improve capacity compared to SISO, with only about a 1bps/Hz gain for most 

SNR values. The MISO (4x1) configuration, however, does not yield any capacity gains 

compared to the SISO system. In other words, the results depicted in Fig. 5 clearly reveal that 

the two configurations, SIMO and MISO, fail to provide a substantial increase in system 

capacity. These findings highlight the effectiveness of MIMO in enhancing the capacity of HSR 

systems. 
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Figure 5. Capacity under CEA scenario for SISO, SIMO, MISO, and MIMO systems. 

 

Figure 6. Capacity under CEA scenario for 2x2, 3x3, and 4x4 MIMO systems. 

To investigate the impact of increasing the number of antennas on capacity in MIMO-HSR 

systems, the performance of different MIMO configurations HSR (2x2, 3x3, 4x4) is evaluated 

and the capacity results are presented in Fig. 6. The results demonstrate that the 2x2 MIMO 

configuration offers a significant capacity gain of approximately 6 to 7 bps/Hz compared to the 

SISO configuration. However, increasing the MIMO order to 3x3 and 4x4 does not yield a 

proportional increase in capacity. The capacity gains are marginal (approximately 1bps/Hz 

compared to 2x2 MIMO), while significantly increasing the complexity of signal processing 

and hardware implementation. This suggests that increasing the number of transmit and receive 

antennas in MIMO-HSR systems does not result in a linear increase in capacity. 

As shown in Fig. 6, the 2x2 MIMO configuration can achieve a channel capacity of 

approximately 10bps/Hz at an SNR of 20dB, enabling a data rate of about 100Mbps with a 

10MHz bandwidth. This is theoretically sufficient to meet the current data rate requirements of 
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approximately 40Mbps per train carriage as reported in [5]. However, to accommodate future 

demands of 0.5-5Gbps, further advancements will be necessary. 

 To the author's knowledge, there is limited research on the capacity of MIMO-HSR 

channels, with most studies using Rician fading channels or standard path loss models as 

presented in the introduction section. Fortunately, [18] presents measurement results showing 

that for a 2x2 MIMO configuration, the capacity of an HSR system can reach about 6bps/Hz 

when the interference-to-noise ratio (INR) is set to 10dB. The results in Fig. 6 show a channel 

capacity of about 10bps/Hz, which is higher than the measured result in [18]. This could be due 

to the additional interference (i.e. INR) introduced into the system in the measurement results, 

leading to a lower system performance. Furthermore, the simulated capacity reported in the 

paper represents the upper bound of the system's performance. Consequently, it is expected to 

exceed the measured capacity of a real-world HSR system. The capacity for an HSR system in 

[8]  using a Rician fading channel model with a 2x2 MIMO configuration achieved a value of 

about 13bps/Hz, which is higher than the 10bps/Hz result in this paper. Thus, the results of our 

study using the non-stationary channel model are closer to reality. 

5. CONCLUSIONS 

This paper investigates the MIMO-OFDM capacity for HSR systems under CEA 

propagation scenario using a wideband geometry-based MIMO HSR channel model with real-

world measurement data. The results demonstrate that in HSR communications, the MIMO gain 

is not as significant as in environments with more uncorrelated channel elements, such as 

Rayleigh fading channels. Nevertheless, MIMO outperforms SISO, MISO, and SIMO 

configurations. While the application of MIMO-OFDM to HSR is promising, increasing the 

number of antennas does not lead to a proportional increase in capacity. The most notable 

improvements are observed with the 2x2 MIMO configuration for CEA propagation scenario. 

Further increasing the number of antennas does not yield significant capacity gains and may 

increase hardware complexity and signal processing requirements. Therefore, future research 

should focus on techniques to enhance MIMO capacity for HSR, such as antenna configuration 

optimization and beamforming. 
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