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Abstract—The recent development of high-speed trains (HSTs)
introduce new challenges to wireless communication systems
for HSTs. For demonstrating the feasibility of these systems,
accurate channel models which can mimic key characteristics of
HST wireless channels are essential. In this paper, we focus on
HST channel models for the tunnel scenario, which is different
from other HST channel environments, such as rural area and
viaducts. Considering unique characteristics of tunnel channel
environments, we extend the existing multi-mode waveguide
tunnel channel model to be time dependent, obtain the channel
impulse responses, and then further investigate certain key tunnel
channel characteristics such as temporal autocorrelation function
(ACF) and power spectrum density (PSD). The impact of time
on ACFs and PSDs, and the impact of frequency on the received
power are revealed via numerical results.

Index Terms—High-speed train, tunnel scenario, multi-mode,
waveguide, channel characteristics.

I. INTRODUCTION

In HSTs wireless communication systems, the transmitter

(Tx) and receiver (Rx) encounter different channel conditions

due to the difference of surrounding geographical environ-

ments. There are five typical propagation scenarios: rural

macro-cell (RMa), hilly terrain, cutting, viaduct and tunnel

[1]. Because of the long limited space, bounding of tunnel, and

poor smoothness of the interior wall, propagation characteris-

tics of signals in tunnels are different from other scenarios.

Additionally, considering the low cost and low complexity,

wireless networks are more efficient than wire-based solutions,

and reliable high speed train wireless communication networks

in tunnels are essential [2]. However, the radio waves suffer

from effects caused by reflections, scattering inside tunnel, and

high mobility of train.

To overcome the above problems, and to design an optimal

wireless communication network for passengers when the train

is in a tunnel, accurate and efficient channel models consid-

ering both large-scale and small-scale fading characteristics

are crucial. A number of measurement campaigns for tunnels

[3], [4] were conducted mainly focusing on large-scale fad-

ing parameters. However, small-scale fading parameters were

ignored. The characteristics of mobile radio channels inside

a tunnel environment have been widely investigated using the

geometrical optical (GO) model [5], waveguide model [6], [7],

and full wave model [8]. In the GO model, the electromagnetic

(EM) field in a tunnel was obtained by summing the ray

reflections from tunnel walls and diffractions near the tunnel

wedges. It can predict the path loss at any locations as well as

the signal delay. The waveguide model considers the tunnel as

an oversized waveguide, which characterizes that only lowest

mode signal propagate in far region, and ignores the multi-

mode case in near region. The full wave model can be derived

by solving the Maxwell’s equations in arbitrary boundary

conditions [9], it has unrealistic computational burden even

for a short tunnel path. In [9], a multi-mode model, which

combines the existing GO model and waveguide model using

Poisson sum formula is developed. It uses a mode matching

technique to convert sum of rays of the GO model to the sum

of modes by mode intensities. It can characterize the natural

wave propagation completely both in near and far regions of

the source [9]. Based on the multi-mode model, an in-depth

analysis on the tunnel wireless channel characteristics, such

as the path loss and root mean squared (RMS) delay spread,

is presented. The multi-mode model is also applicable to the

tunnels in roads/subways as well as underground mines [9].

This paper aims at extending the exisiting multi-mode channel

model and further investigating the small scale channel statis-

tical properties, like the temporal ACF and PSD, and also the

received power.

The remainder of this paper is organized as follows. A time

dependent multi-mode waveguide tunnel channel model is

presented in Section II. In Section III, the statistical properties

of the model are derived. The numerical results and the

analysis are given in Section IV. Conclusions are drawn in

Section V.

II. THE MULTI-MODE WAVEGUIDE TUNNEL CHANNEL

MODEL

Tunnel scenario is a special one in all the environments

that HST encountered. On a HST railway track, there are

usually several tunnels ranging from several hundred meters to

several kilometers in length [3], also with shape changing from

semicircular sections to rectangular sections. To enable users



inside the train to communicate with the BSs outside smoothly,

these tunnels are regarded as parts of cellular networks.

Moreover, because of the high communication frequency, the

wavelength is much smaller than the transversal dimensions

of transportation tunnels, tunnel propagation can be assumed

as an oversize waveguide [10].

A. Tunnel channel structure

In this paper, we consider a rectangular tunnel, with cross-

sectional dimensions 0 < x < 2a, 0 < y < 2b. The coordinate

origin is placed in the lower left corner of a cross section at

location z = 0, which is defined as the initial excitation plane.

The moving direction of the train is set to be along the z-axis

with a speed of v, and the moving time of train is set to be

t. Thus, the instant coordinate at time t in the center can be

denoted by z = v · t.
For the HST tunnel communication systems, in order to

meet the continuous and high quality wireless communication

of users on the train, leaky feeders and distributed antennas

[4] are the two main ways to achieve tunnel wireless coverage.

As leaky feeders are not required special plannings, they have

been widely used, but will become more expensive at high

operating frequencies [4], and considerable complex in the

later maintenance. As a result, solutions based on the use of

antennas are becoming more attractive, such as the distributed

antenna system (DAS). The distributed antenna elements are

connected to a BS via wires or fibers. Compared with leaky

feeders, the DAS can provide considerable gain in coverage

and capacity, and provide spatial diversity against the fading

by using the antenna elements at different locations. It also

has advantages in future applications such as higher distance

between repeaters, and easy maintenance after being opened

[11]. In this paper, a P × Q MIMO tunnel communication

system using the DAS solution is adopted where P is the

number transmit antenna elements and Q is the number

of mobile receive antenna elements. The system model is

described in Fig. 1.

Fig. 1. A rectangular waveguide system model.

B. Modal expansion of rectangular waveguide

In this subsection, we consider the tunnel as a rectangu-

lar waveguide and adopt the modal theory to describe the

propagation inside the tunnel. In the case of waveguides with

perfectly conducting boundaries, the tunnel interior can be

regarded as free space, and the walls have complex permittiv-

ities. According to the EM theory, two kinds of propagation

modes can propagate in a waveguide: the transverse electric

(TE) modes and the transverse magnetic (TM) modes, which

respectively have a zero component of the electric (E) or

magnetic (H) field along z-axis. For the TE modes and TM

modes, the x and y components of the E and H modal

functions are similar, whereas the z component is different.

Each TE or TM mode has a cut-off frequency. In this paper,

we take the TM modes as examples to develop our research.

At a given operating frequency f
c
, only those modes with

higher frequency than the cut-off frequency can propagate

in a tunnel. Otherwise, all the field components will decay

exponentially away from the source of excitation [12]. Due

to the size of tunnel is limited, and the cut-off frequency of

the fundamental modes is low [3], we can find a wide range

of Emn hybrid modes propagating inside the tunnel. If the

Tx has a high operating frequency, combining with the given

tunnel size, we can calculate that there are a large number of

allowable modes. However, in a practical tunnel environment,

only certain significant modes can propagate normally since

the ceiling and walls are dielectric materials and allow high

penetrations [13].

C. The multi-mode waveguide tunnel channel model

The propagation of EM wave in tunnel can be viewed as

the superposition of multiple modes with different field distri-

butions and different attenuation coefficients. By solving the

Maxwells equations, the expression of the field distributions

with each mode can be derived in the form of eigen functions

[9], [14], i.e.,

eeignm,n(xq, yq) � sin(
mπ

2a
xq + ϕx) · cos(nπ

2b
yq + ϕy) (1)

where (xq, yq) denotes the position of receiver along x-axis

and y-axis, ϕx = 0 if m is even and ϕx = π
2 if m is odd.

ϕy = 0 if n is odd and ϕy = π
2 if n is even. Based on [9],

the field component E(xq, yq, t) of position (xq, yq, z) at time

t in the tunnel radiated by the pth (p = 1, 2, · · · , P ) transmit

element can be calculated as

E(xq, yq, t) =

P∑
p=1

∑
m

∑
n

Kmn(xp, yp) · eeignm,n(xq, yq)

·e−(αmn+jβmn)v·t · ejωt (2)

where

Kmn(xp, yp) =
E0 · π

a · b ·
√
1− (mπ

2ak )
2 − ( nπ

2bk )
2

· sin(mπ

2a
xp + ϕx) cos(

nπ

2b
yp + ϕy). (3)



Here, αmn is the attenuation coefficients, βmn is the phase-

shift coefficients, and k is the wave number in tunnel. Thus,

the propagation channel from transmitter to receiver can be

characterized by the transfer matrix HP×Q [15]. Each entry

hpq(t) of this matrix represents the channel coefficient be-

tween the pth transmitter and qth receiver. Because the train

moved with a specific speed v along the z-axis, we can denote

the arbitrary location z as a function of time t inside tunnel,

that is z = v · t. The channel impulse response of the tunnel

channel model can be expressed as

hpq(t) =
∑
m

∑
n

Kmn(xp, yp) · eeignm,n(xq, yq)

·e−(αmn+jβmn)·vt · ejωt. (4)

The mode intensity Kmn(xp, yp) on the excitation plane

can be obtained by (3). Once it is determined, the mode

propagation can be governed by the tunnel [9].

III. CHANNEL STATISTICAL PROPERTIES

In this section, we will derive the statistical properties of

the proposed multi-mode waveguide tunnel model based on

the theoretical framework described in Section II.

A. The normalized space-time correlation function (ST CF)

The time correlation properties of two arbitrary channel

impulse responses are determined by h∗
pq(t) and hpq(t+Δt).

The normalized time-variant ST CF can be derived as

Rh(t,ΔxT ,ΔxR,Δt) = E
{
h∗
pq(t) · hp′q′(t+Δt)

}
= E{

∑
m

∑
n

Kmn(xp, yp) · eeignm,n(xq, yq)

·e−(αmn−jβmn)·vt · e−jωt

·
∑
m′

∑
n′

Km′n′(xp′ , yp′) · eeignm′,n′(xq′ , yq′)

·e−(αm′n′+jβm′n′ )·v(t+Δt) · ejω(t+Δt)}. (5)

The position of the pth (p = 1, 2, · · · , P ) element of the

Tx denoted by (xp, yp, z), the antenna spacings in Tx is ΔxT ,

and the position of the qth (q = 1, 2, · · · , Q) element of

Rx is denoted by (xq, yq, z), the antenna spacings in Rx is

ΔxR. Both antenna spacings are just related to the position of

antennas in Tx, Rx, that is xp′ = xp+ΔxT , xq′ = xq+ΔxR.

Here, by imposing ΔxT = 0 and ΔxR = 0 in (5), we can get

the normalized temporal ACF, i.e.,

r(t,Δt) = Rh(t, 0, 0,Δt)

= E{
∑
m,n

Kmn(xp, yp) · eeignm,n(xq, yq)

·e−(αmn−jβmn)·vt · e−jωt

·
∑
m′,n′

Km′n′(xp, yp) · eeignm′,n′(xq, yq)

·e−(αm′n′+jβm′n′ )·v(t+Δt) · ejω(t+Δt)}. (6)

In [12], it was pointed out that the modes in a rectangle tunnel

approximately satisfy the orthogonality, i.e.,∫ ∫
eeignm,n(x, y)e

eign
m′,n′(x, y) =

{
ζ2 if m = m′, n = n′

0 otherwise
(7)

where ζ is the norm of modes. By imposing (7) in (6), we can

obtain the simplified temporal ACF as,

r(t,Δt) =
∑
m,n

K2
mn(xp, yp) · ζ2 · e−2αmn·vt−αmn·vΔt

·e−jβmn·vΔt+jωΔt. (8)

B. Doppler PSD

The Doppler PSD W (t, f) with respect to the Doppler

frequency f is the Fourier transform of the temporal ACF

which can be presented as

W (t, f) =

∞∫
−∞

r(t,Δt) · e−j2πf ·ΔtdΔt

=
∑
m,n

K2
mn(xp, yp) · ζ2 · e−2αmn·vt

·e
(−αmn·v−jβmn·v+jω−j2πf)·τmax − 1

−αmnv − jβmnv + jω − j2πf
. (9)

It should also be noticed that the Doppler PSD is time

dependent.

C. Received power

By imposing the channel impulse response in (4), the

received power can be derived as

P (t) = |hpq(t)|2 =
∑
m

∑
n

K2
mn(xp, yp) · ζ2

·
∣∣∣e−2αmn·vt · e−j(βmn·vt−ωt)

∣∣∣2. (10)

IV. NUMERICAL RESULTS AND ANALYSIS

In this section, the statistical properties of the proposed

multi-mode tunnel channel model are evaluated and analyzed,

such as temporal ACF and PSD. The tunnel cross section shape

is rectangular with a width of 2a and a height of 2b; the tunnel

wall, ceiling and floor are treated as uniform and lossless,

made of same material with electrical parameters ε = 5,

σ = 0.01 S/m; the tunnel interior is filled with normal air

ε = 1, σ = 0 S/m. Refer to [4], the transmitters of the DAS are

installed at 4 m above the floor, 25 cm from the tunnel walls,

with the operating frequencies at 2.4 GHz. Here, we take a

SISO system as example, just consider the communication link

between the pth transmitter and the qth receiver, set the origin

of coordinates at (0, 0, 0), the location of the transmitter at

coordinate (xp, yp, z) = (0.25, 4, 0), and observation point at

the coordinate (xq, yq, z) = (2.2, 4, z). The train moved with

a specific speed in the specific direction along the z-axis. We

assume that the field at the transmitter is E
0
.

The absolute value of the resulting generalized temporal

ACF r(t,Δt) is illustrated in Fig. 2. From the figure, we can



observe the approximately same shape of temporal ACF at

different time instant t, which relates to the time difference

Δt, rather than the time instant t. From all the above, we can

conclude that the wide-sense stationary assumption would be

sufficient to meet. Fig. 3 shows the absolute values of temporal

ACFs in choosing different tunnel size. Basically, the existing

modes in a waveguide depend on tunnel size and operating

frequency [9]. Here, a group of important comparisons of the

ACF between tunnel size I (4.8 m × 6.2 m) and tunnel size II

(9.8 m × 6.8 m) with same conditions have been made. We

select different sizes of tunnel, then determine the significant

mode values that can propagate in tunnel. It can be seen from

the corresponding simulation results that the ACFs have a

highly difference between tunnel size I and tunnel size II [16],

[17]. In Fig. 4, it shows the absolute values of temporal ACFs

in choosing different mode values, including the single-mode

and multi-modes. From this figure, we can see that as the

number of mode increases, the correlation decreases. As a

result, the capacity will increase with the number of modes

and this agrees with [15].

From Fig. 6, we can observe that the received power curve

among the significant modes as a function of t at frequencies

of 2.4 GHz [4] and 930 MHz [3], [18]. It can be seen

that the signal attenuates as time goes on. Due to multiple

modes operating, signal experiences serious fluctuations in the

specific tunnel space [9], and different operating frequencies

will also have a significant influence on the signal power

distribution. Because the operating frequency impacts on the

propagation constants, inducing that signals with a higher

frequency will attenuate slower [9]. Fig. 7 shows the received

power along the multi modes and single mode cases. From this

figure, we can observe that the single mode, i.e., the lowest

order mode m = n = 1, experiences less attenuation than

higher order modes [15]. We can also calculate the received

power by summating all the significant single modes [9].

V. CONCLUSIONS

In this paper, we have proposed a time related multi-mode

high-speed train tunnel channel model based on the existing

multi-mode waveguide model [9] for wireless networks in

tunnels. By applying modal analysis of EM waves and consid-

ering the waveguide effect into tunnel channel modeling, we

have proposed a deterministic tunnel channel model, which

enables us to study the channel characteristics. From this

model, we have derived the temporal ACF, the PSD, and

the received power. Numerical analyses have shown how the

ACF changes with different time instants t and different tunnel

sizes. This has demonstrated that the ACF is related to the tun-

nel size, rather than the time-variant effect. Moreover, we have

also analyzed the trends of power change along the Doppler

frequencies at different time instants t, and the received power

at different operating frequencies and different modes. It has

been illustrated that different operating frequencies will have

significant impact on the received power.
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Fig. 2. Comparison between the time-variant ACFs of multi-modes model
with different time instants (2a = 4.8 m, 2b = 5.3 m, fc = 2.4 GHz,
vR = 360 km/h, m = 1 : 4, n = 1 : 4).
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Fig. 3. Comparison between the time-variant ACFs of multi-modes model
with different tunnel sizes (fc = 2.4 GHz, vR = 360 km/h, tunnel size I:
2a1 = 4.8 m, 2b1 = 5.3 m, m1 = 1 : 4, and n1 = 1 : 4, tunnel size II:
2a2 = 9.8 m, 2b2 = 6.8 m, m2 = 1 : 6, and n2 = 1 : 6).
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Fig. 4. Comparison between the time-variant ACFs of multi-modes model
with different tunnel sizes (2a = 4.8 m, 2b = 5.3 m, fc = 2.4 GHz,
vR = 360 km/h, single mode: m1 = 1, n1 = 1, m2 = 2, n2 = 2,
m3 = 3, n3 = 3, multi modes: m4 = 1 : 4, n4 = 1 : 4).
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Fig. 5. Comparison between the PSDs of multi-modes model with different
time instants (2a = 4.8 m, 2b = 5.3 m, fc = 2.4 GHz, vR = 360 km/h,
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Fig. 6. Comparison between the received power of multi-mode model with
different operating frequencies (2a = 4.8 m, 2b = 5.3 m, vR = 360 km/h,
m = 1 : 4, n = 1 : 4, fc1 = 2.4 GHz, fc2 = 930 MHz).
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Fig. 7. The received power of multi-modes model for different mode values
(2a = 4.8 m, 2b = 5.3 m, vR = 360 km/h, fc = 2.4 GHz, single mode:
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