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Abstract

The successful design and application of the physical layer techniques of the wireless network,
including MIMO, adaptive OFDM, and mining antenna, to name a few, need the detailed knowledge of the
spatial characteristics of the transmitted signals. This paper provides a modal approach to quantify the
spatial distribution of the waves in tunnels in detail. We develop the modal theory for propagation in a
tunnel with imperfect walls, which are lossy, rough, and tilted. And then, we discuss the transmission
power of the antenna as a function of the angles of departure (AOD). On this basis, we take the half-wave
dipole antenna as an example to analyse by simulations. The theoretical results show that the angular
power distribution in the rectangular tunnel follows Gaussian distribution. The angle spread (AS) of the
waves can be influenced by the tunnel walls. The roughness of the wall surface is most important in small
tunnels and at low frequencies, whereas the wall tilt is most important in large tunnels and at high
frequencies.
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1. Introduction

Wireless Underground Communication Networks (WUCNSs) promise a wide variety of
novel applications, such as environmental monitoring, localization, disaster warning in highway
and railroad tunnels as well as in underground mines. The main challenge for WUCNSs is the
realization of efficient and reliable underground wireless links. Physical layer techniques, such
as MIMO, adaptive OFDM, and mining antenna, are researched to overcome the severe
multipath fading in these special constrained environments [1, 2]. The spatial propagation
characteristics in the wireless environment significantly influence the performance of these
physical layer techniques, so they should be analysed accordingly [3, 4].

In underground, the tunnel could be viewed as a heavily overmoded waveguide [5-7].
Consequently, the power provided by the antenna can be effectively transmitted only if it is
effectively coupled into the allowed propagation modes. Due to the coupling between the
antenna and the tunnel waveguide structure and the reflections caused by the tunnel walls, the
angular power distribution of the wireless channel is quite different from the terrestrial channel.

Lienard [8] given the map of the directions of arrival at a distance of 40m in a tunnel by
measurements and theoretical calculation. It concluded that the spread angle increases with the
tunnel size. Zhang [9] measured the received signal power versus the width or the height of the
tunnel cross section in two size tunnels. The curves show distorted dominant-mode cosine
function. Nasr [10] and Huo [11] calculated the direction of arrival (DOA) in a tunnel by the ray
method in straight tunnels. Sun [12] calculated the spatial power distribution of the
electromagnetic waves transmission mode in a rectangular tunnel with perfectly conducting
walls.

All'in all, the related theoretical results been obtained to date are still too limited to guide
the design and application of MIMO, adaptive OFDM, and mining antenna, etc. In the practical
application, the tunnel walls are rough and may have long range tilt variations. In addition, they
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are imperfectly conducting. The influences of these factors on the spatial distribution of the
waves were not considered in the above work [8-12].

The goal of this paper is to develop a theoretical analysis to quantify the spatial
distribution of the waves in tunnels in detail and to provide a better understanding of the
waveguide effects in tunnels. In [4], we have proposed a multimode operating waveguide
model. Its emphasis was only on tunnels with small degree tilted walls. In this paper, we extend
the work in [6] by considering the case of wall tilt, which the tunnel may also exhibit to a marked
degree. The remainder of this paper is organized as follows. In Section 2, we develop the modal
theory for propagation in a tunnel with lossy, rough, and tilted walls. We discuss the relationship
between the angles of departure (AOD) and the order of each mode in the ray picture. And then
on this basis, we get the transmission power as a function of AOD. In Section 3, we evaluate the
statistical characteristics of the angular power distribution and the effects of the dielectric
properties, roughness and tilt of the tunnel walls.

2. Modal Approach to Angular Distribution of Waves
2.1. The Multimode Model

(1) Straight tunnel model

Here we consider the general case of a radio propagation channel in a rectangular
tunnel. Suppose that the rectangular tunnel of w width and h height. Locate the coordinate
system in the centre of the tunnel cross section. z axis is defined as the longitudinal direction of
the tunnel, x axis as the width, and y axis as the height. Consider K1 is the electrical parameters
of the material on the side walls, and K2 corresponding to the roof and floor. The rough surface
of the walls is assumed to have a Gaussian distribution with a standard derivation equal to
O-rzough .

In the rectangular waveguide, the electric field E is polarized predominantly in the
horizontal and vertical directions, respectively. The main field components are the tangential
field components in the tunnel [7]. If the tunnel is straight, for horizontal polarized (m, n) mode,
they are [6],

—E .
E.. =i \/0'\;_" cosk,,,xcosk, yp, exp(-ik,,,z)
Ho,, =i, Zlmn \E/(;\Aﬂ cos kK, xcosky, Yo, exp(—ik,,,2) @)

Where E,,, is the mode intensity on the excitation plane. We will discuss them later. M
is the number of the allowed modes that propagate in the tunnel. Here we define

m=0,1,2,---,m__ n=0,1,2,---,n__:m and n can not equal to 0 at the same time [6],

= N, =— )

The number of the allowed modes which could propagate in the tunnel M is given by
[11, 12]:

M =2[(2m,,, +1)(2n,, +1)-1] 3)

Z .. is the characteristic impedance,

E i, K
Zmn — mn_ _ > :uo zm2n (4)
H mn k><mn + kzmn
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kxmn , I(ymn and kzmn are defined as [7]:

k>(mn = me +i 2 mKl/lL 1/2 (5)
w w (K1-1)
LA S S ©

h  h*(K2-1"

_2r

2 2
Ky = 22147 _mKL 0 (7)
A 2 [wWKi-1 h*JK2-1
ok ek oo AT ®
xmn+ ymn+ zmn 0 - 12
Where j is the wavelength.
Pmn is the loss factor caused by the surface roughness [6],
: Az 3
Pon = XD ——” (m— L (9)

T

(2) Tilted tunnel model

Suppose that there is long range tilt of one vertical wall of the tunnel. Then the ray of a
mode encounters a portion of the tilted vertical wall through an angle 6’”“ about the y axis.

Then the electromagnetic field is changed from (1) to:

E—:]: =i, i Eom —=cos kK, xcosK, Yo, exp( iKyny (ZCOS26;,, + Xsin 26, ))

N
H tllt | 1 Omn

=l

008 K,y X COs Ky Y0, exp (—iK,p, (2008 26, +Xsin 26y, )) (10)

The power coupling factor 0,,,, of the disturbed field back into the mode is given by:

e e dXdy‘ (11)

gtlmn - J..HEmnl dxdy.”.|Et'“

Then by derivation,

gtlmn = exp( kzzmnW Sln 2etlltl) (12)

Likewise, if there is long range tilt of one horizontal wall of the tunnel, the ray of a mode

encounters a portion of the tilted horizontal wall through an angle &y, about the x axis. Then
tilting of the floor or roof gives a coupling factor,
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Dopmn = exp[ —kZ h*sin 29“'”} (13)

zmn

Suppose that (m, n) mode bounces from wall to wall of the straight tunnel making a
grazing angle ¢1mn with the side walls and ¢2mn with the floor and roof. Then [6]:

) k mA . k ni
sin =2~ g =_ym ~ 7 (14)
P K, 2w S =T E oy

Then in a tilted wall tunnel, the numbers of reflections N,,, and N,,., experienced by

a ray at the vertical and horizontal walls of the tunnel, while travelling a distance z along the
tunnel, are given by:

N =~ Zsin g, ., ©N _ Ising, . (15)

™7 weos26,, ™ hcos26

tilt2
The loss factor for a distance z is:

N o

Nlmn
gtmn = (gtlmn ) (gt2mn )
~ eXp e mSIH 20"“1 nSIH 20{“12
81 0826y, €08 26y,

Then field strength in a tilted tunnel can be expressed by the approximating function.

(16)

E,, = %cos Ky X €08 KV 0104/ O Re[exp (=K, z)]

1 mn
H., = Z \/O_cosk mXcosk, ypo /9, Re[exp(-ik,,2)] 17)

2.2. Power Distribution Versus AOD
Define the excitation plain at z=0. Assuming a horizontally polarized transmitting

antenna that is located at (x0, y0, 0) in the tunnel. Its surface current distribution is K .

According to (1), by matching the tangential boundary conditions over the cross section
containing the antenna, for (m, n) mode we obtain:

Zy |
Eom = 2\/7 s
I xR (5 o5(0hcos Ky expl -k (2-20) ) 0V

For one direction of the tunnel, the left or the right of the antenna, the transmission
power of the (m, n) mode is:

:_[ﬁE " whEm (19)

mn

Here we characterize AOD of (m, n) mode in the ray picture by the azimuth angle @,

and elevation angle &,,,. @, is the angle between the projection of the ray at the horizontal
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plane and x axis. Its boundary is[0,27]. 6., is the angle between the ray and y axis. Its

boundary is[0, 7]. Figure 1 shows the spatial parameters of a mode in the ray picture. They are
[11, 13]:

T mAh s . nA
= § n+—tarcsin(—————)’ 6. = —=+arcsin(— (20)
O = 8,1+ () Oy 2 arcsin)

When the receiving antenna is in the front of the transmitting antenna, 5(,, =0,

otherwise, 5¢ =1,
Then we can get the relationships between m, n and AOD:

2W . 2h
m="—sinfcosp; N=—"coséd (21)
A A
yA
Incident wave
¥
Antenna >
- z
~ g D
Projection

Figure 1. Azimuth Angle and Elevation Angle of a Wave in Coordinal System

On combining (2)-(9), (16)-(19) and (21), we could obtain the transmission power

p(iga (0) of a horizontally polarized antenna described by AOD. The transmission power of a
vertically polarized antenna can be obtained by the same way.

3. Results and Discussion

In this section, we begin with an initial example that illustrates the spatial distribution of
the power in a rectangular tunnel. Then we analyze the effects of various tunnel conditions.

Except studying the effects of certain parameters, the default tunnel conditions are set
as follows: the tunnel cross section shape is a rectangle with a height of 4m and a width of 6 m;
consider the general case that the walls of the tunnel are made of the same material with
electrical parameters K1=K2=10-j0.18; the carrier frequency is set to 900MHz; the rough
surface has a Gaussian distribution with a standard derivation equal to 0.08m; the side wall is
tilted through 1° about the vertical axis.

In this paper we take a horizontally polarized half-wave dipole, which is the most typical
linear antenna and easy to transform into many other antennas, as an example to analyse.

Then the surface current distribution of the transmitting antenna is:

comEaff- (Al

It is located in the middle of the tunnel cross section. The observation point is 100m
away from the transmitter and in the middle of the tunnel cross section.
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3.1. Angular Power Distribution

[11] computed the angular power distribution in a rectangular tunnel with perfect walls,
which is straight and smooth. It concluded that the distribution follows Gaussian distribution. In
this paper, we analyse the distribution in a tunnel with imperfect walls, which is lossy, rough and
tited. Figure 2(a) presents the transmission power versus AOD deduced from the modal
approach. We normalize the power of each mode by the maximum power among modes.
Gaussian distribution defined in [14] and Laplacian distribution defined in [15] are two typical
angular power distributions for terrestrial environments. We compare their power angle profile in
Figure 2(b) and (c). To generate graphs of these 2 probability density functions, the values of

the mean path AOD ¢, , 6, and the angle spread (AS) O,, O, have been calculated so that they

deduced either from the Gaussian distribution or from the actual distribution of the field are
identical. They are given by:

Dy = E{(P} , Oy = E{H} (23)

o, =\El'}|-[El0}] s 0, = JE{"}-[EL0}] @

By comparison, we get a good agreement between graphs in Figure 2 (a) and (b),
whereas there is a significant difference between figures in Figure 2(a) and (c). It can be
concluded that AOD distribution in the rectangular tunnel still follows Gaussian distribution, even
consider the roughness and tilt of the walls.
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Figure 2. Radiation Field Distribution
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3.2. Effects of Lossy Walls
The electrical parameters of the material on the walls K1 and K2 are defined as [14]:

(o}

. | K e i 9
Ki=¢ 127rng’K2 & Jzﬂfgo' where 30:8_85><1()‘12F/m is the permittivity in

vacuum space. & and &, are the relative permittivity for the side walls or roof and floor in the
tunnel; O0,and O,are their conductivity. They are influenced by the humidity, pressure and

temperature of the surrounding rock. Look up in [16-19], & and &, are in the range of 2~70;

O,and O, are in the range of 10-6~1S/m. On substituting into K1 and K2, we can find that the

effect of conductivity could be completely negligible due to the small value compared to the
permittivity. In Figure 3 we give the curves of AS versus the relative permittivity. Suppose that

& =&, ando, =0, =0.009S/m. It is shown that the influence of the relative permittivity is
greater when its value is small, around 2-10.

Angle Spread (d

10 20 30 40 a0 B0 70
Relative Permitivity

Figure 3. Angle Spread Versus Relative Permittivity

3.3. Effects of Rough and Tilted Walls

To analyze the effects of the wall roughness and wall tilt on the spatial distribution of the
waves, we compare 3 tunnel conditions in this part: smooth walls and straight tunnel, rough
walls and straight tunnel, rough walls and one side wall is tilted.

The wall roughness and wall tilt could influence the transmission power distribution in
each direction by the tunnel size and the operating frequency [1, 7].

At first, we analyze the variation of AS with the tunnel size for the above 3 tunnel
environments. We calculate AS with different width in a tunnel of 4 m height In Figure 4(a) and
AS with different height in a tunnel of 4m width in Figure 4(b).

It is shown that for straight tunnels, AS increases with the size of the tunnel. This result
coheres with that obtained by ray method in [11] and by measurements in [8]. Firstly, in a ray
picture of a given mode, the grazing angles of the ray decrease with the size of the tunnel cross
section [1, 7]. This results in a decrease of the spread of angle of the ray relative to the direct
path. Secondly, both of the loss owing to reflection and scattering by the walls and the number
of bounces per unit length decrease for the grazing angles. It results that the transmission
power increases. Thirdly, the large the tunnel size, the more the number of propagation modes
[6]. Consequently, increase in tunnel transverse dimensions decreases the first factor but
increases the last two factors. Then the net effect is an increase of AS with the tunnel size.

While for the third condition that there is long range tilt of the tunnel walls, we can see in

Figure 4(a) that 0, decreases with the width, and in Figure 4(b) that O, and the percentage

increase of 0, decrease with the height. The reason is that, the reflected mode will be rotated
into other mode when the tunnel exhibits to a marked degree tilt. From (13)—(16), the
corresponding order of the mode is higher for a given direction in the larger tunnel. Then the
power of the disturbed field coupled back into the wave is smaller in the larger tunnel for a given
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propagation distance. This results in larger scattering loss in the larger titled tunnel.
Consequently, the wall tilt contributes to the decrease of AS with the tunnel size. And the larger

the tunnel, the more roles the wall tilt plays.
To sum up, the roughness is more important in small tunnels while tilt is more important

in large tunnels.

30
& &
E z
2 3 4 5 B 7 =8 _
Wyidth (m) Height ()
(a) Angle spread versus width of the tunnel (b) Angle spread versus height of the tunnel

. . . 2 °
Figure 4. Angle spread versus size of tunnel cross section. Case (a) Orough = 0m, 6, =0°; case

(b) O_rzough = 008m9 Htilt = 00; Case c. O-rzough = 008m7 atilt =T

Secondly, we analyze the variation of AS with the operating frequency for the above 3
tunnel environments.

In Figure 5 we illustrate the effects of operating frequency on O,and O,. The above 3

tunnel conditions are considered. It is shown that for the straight tunnels, AS varies directly with
the frequency, especially when it is lower than 500MHz. This result coheres with that obtained
by ray method in [11]. But for the tunnel with tilted walls, the AS decreases with the frequency at
high frequencies.

Increase in frequency decreases the grazing angles defined by each mode and
increases the propagation modes number. Then the mechanism that the effect of frequency on
AS is similar to the mechanism that the effect of tunnel size on AS. Besides, from (9) and (16), it
is also shown that the roughness is more important at low frequencies while the wall tilt is more

important at high frequencies.
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Figure 5. Angle Spread Versus Carrier Frequency. Case (a) O-rzough = Omﬂmt =0"; case (b)
0'2 = 0.08m,0mt =0 : Case C. Grzough = 0.08m,<9tm =I

rough
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4. Conclusion

The statistical characteristics of the radiation field distribution of a half-wave dipole
antenna in the rectangular tunnel are discussed by modal approach. The analysis shows that:

(1) The spatial distribution of the waves in the rectangular tunnels follows Gaussian
distribution regardless of whether the tunnel walls are rough and tilted.

(2) Angle spread in tunnels could be affected by the humidity, pressure and
temperature of the tunnel walls. The effect of conductivity could be negligible, but the
contribution of the relative permittivity of the material can not, especially when its value is low.

(3) The roughness of the wall surface is most important in small tunnels and at low
frequencies. It will cause that AS increases with the tunnel size and the operating frequency.
The wall tilt is most important in large tunnels and at high frequencies. It will cause that AS
decreases with the tunnel size and the operating frequency.
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