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ABSTRACT To suppress the deep fading of radio waves caused by the tunnel waveguide effect, this paper
presents an optimized scheme for the spatial and polarization diversities of tunnel antennas. Through the
correlation coefficient analysis of path loss curves obtained by antennas placed at different positions, the two
antenna positions that generate path loss curves with the lowest correlation coefficient are found, and these
two antennas are defined as a diversity antenna pair. Using this scheme, the spatial diversity properties of the
transmitting antenna and receiving antenna, as well as the spatial-polarization combined diversity property
of the transmitting antenna, are obtained. Furthermore, the impact of antenna polarization on the spatial
diversity property is investigated. The performance of the proposed scheme for spatial and polarization
diversities is evaluated in terms of the intensity and uniformity of the path loss. The simulation results
illustrate that the proposed diversity optimization scheme can suppress the influence of the waveguide effect
and achieve more uniform and flatter radio wave coverage in a tunnel environment.

INDEX TERMS Waveguide effect, spatial diversity, polarization diversity, correlation analysis, tunnel.

I. INTRODUCTION
Mobile communication has now entered the fifth-generation
era and is applied to various scenarios where uniform radio
coverage is desired. In tunnel environments, stable radio
coverage is the basis for the safe operation of trains and
good quality public communication. However, due to the
waveguide effect, there are deep fading points of the received
power distributed along a tunnel, which affect the wireless
communication quality. Therefore, it is necessary to study the
radio wave propagation property in tunnels and find ways to
eliminate the deep fading points and achieve uniform radio
wave coverage.

The radio wave coverage in the tunnel environment has
been studied for a long time [1]–[3], and it can be mod-
eled and predicted by measurements or by physics-based
methods. Several measurement works on radio wave cover-
age in confined spaces have been published [4]–[6]. In [5],
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the radio wave transmission in the millimeter-wave band
of 41 GHz for non-line-of-sight scenarios in a confined
building corridor environment is measured. The channel
characteristics, including the path loss model, root-mean-
square delay spread, multipath statistics, small-scale fad-
ing characteristics, power delay profile, and power levels
received from different antenna locations, are analyzed in
detail. In [6], the extra loss caused by the tunnel curva-
ture, frequency, polarization, and area of the cross section
is analyzed by measurement. These measurement results
can provide insights into the propagation characteristics of
the studied channels, but it is time consuming and difficult
to reveal the propagation mechanism. Among the physics-
based methods, there are analytical approaches, such as
waveguide theory [7], [8], and simulation techniques, such
as the finite-difference time-domain (FDTD) [9], [10], vec-
tor parabolic equation (VPE) [11], [12], and ray tracing
(RT) [13], [14] methods. Waveguide theory can be used to
analyze the wave propagation characteristics in tunnels with
regular cross sections effectively and accurately, but it is not
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suitable for complex tunnel environments. The FDTDmethod
was developed by solving Maxwell’s equations through a
numerical technique, has the advantages of simple iteration
and high accuracy, and can directly give the time-domain
solution of the field. However, this full-wave method requires
a large number of computing resources, and its simulation
efficiency is low. Therefore, some more effective and accu-
rate deterministic models, such as the VPE and RT, have
been applied to solve radio wave coverage in tunnels. The
VPE method is highly efficient and suitable for large-scale
environments, but it is effective only for the propagation
of paraxial waves; hence, the calculation accuracy of wave
propagation near the transmitting antenna is not high. Con-
sidering the accuracy and efficiency, this paper utilizes the
ray tracing method based on geometrical optics to simulate
tunnel environments with arbitrary geometries.

The radio wave coverage in tunnels is sensitive to the
position of the antenna; thus, choosing an antenna position
that results in uniform radio wave coverage in the tunnel
environment is an important task. Many works have made
attempts to achieve this goal. In [15], the optimum received
power is achieved by arranging the discrete antenna positions
in tunnels properly. In [16], a 2 × 2 MIMO array in the
C-band is designed to increase the channel capacity. How-
ever, the deep fading points caused by the tunnel waveguide
effect in these works are not suppressed. On the other hand,
antenna diversity, which can overcome spatially selective
fading and reduce the received power fluctuation in indoor,
urban or suburban environments, has been studied by many
researchers [17]–[19]. In [20], the effect of polarization diver-
sity on channel capacity in arched tunnels is studied. In [21],
it is found that a good quality signal can be achieved in almost
the entire studied area by applying a large-scale diversity for
antennas. However, these studies still have shortcomings in
the suppression of deep fading caused by thewaveguide effect
in tunnel environments.

In this paper, an optimization scheme for spatial diver-
sity and polarization diversity is proposed for suppressing
the deep fading effect. The rest of this paper is organized
as follows. Section II describes the simulation model of
the tunnel and gives the mathematical formulation of the
correlation coefficient. Section III presents the principle of
correlation analysis between any two pairs of path loss
curves obtained by changing the antenna position. According
to the antenna pairs selected in Section III, spatial diver-
sity for the transmitting and receiving antennas, as well as
spatial-polarization combination diversity for the transmit-
ting antennas, are achieved in Section IV. An analysis of the
diversity scheme from the perspective of the transmission
mode is presented in Section V. The conclusions are given in
Section VI.

II. SIMULATION MODEL AND FORMULATION
Considering the accuracy and efficiency of numerical meth-
ods, an image-based ray tracingmethod is employed tomodel
the radio wave propagation in tunnels. With this method,

FIGURE 1. System model diagram of (a) the tunnel cross section and
(b) the simplified communication system.

radio wave coverage as a function of the antenna parameters,
such as location and polarization, can be studied.

A. SYSTEM MODEL
As shown in Fig. 1 (a), a rectangular tunnel that is 7.8 m in
width, 5.3 m in height and 2500 m in length is considered
in this paper. The relative dielectric constant and conduc-
tivity of the tunnel walls are 5 and 0.01 S/m, respectively.
The receiving antennas are mounted on the front panel of
the train, and the transmitting antennas are mounted near the
inner wall of the tunnel. When the train moves along the rail
tracks, the received signal can be seen as the signals received
by a series of receiving antennas placed along the route of
the train, as shown in Fig. 1 (b). In this paper, the trans-
mitting antenna is modeled by a Gaussian beam with a
pencil pattern, and the receiving antenna is a dipole. Both
the transmitting and receiving antennas work at a frequency
of 900 MHz.

B. CORRELATION ANALYSIS MODEL
To compare the variation trends and correlation degree of the
path loss curves obtained from antennas located at different
positions, the Pearson correlation coefficient formula is used,
which is given by

ρX ,Y =

∑N
1 (Xi − X )(Yi − Y )√∑N

1 (Xi − X )2
∑N

1 (Yi − Y )
2

(1)

where X and Y are two discrete random variables, which
represent the path losses obtained by two antennas working
individually at different positions. N represents the number
of discrete receiving points on each path loss curve. X and Y
represent the average path loss of all discrete receiving points
on each curve. In other words, when considering transmitting
diversity, X is a discrete random variable composed of path
loss values measured at discrete points along the receiving
route when the transmitting antenna is installed at a certain
position, and Y is another discrete random variable when
the transmitting antenna is installed at another position. For
receiving diversity, X is a discrete random variable composed
of path loss values measured at discrete points by a receiving
antenna located at a certain position on the moving object,
and Y is another discrete random variable when the receiving
antenna is located at another position on the moving object.
A positive correlation coefficient means that the two path loss
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FIGURE 2. Position variation range of (a) the transmitting diversity
antenna and (b) the receiving diversity antenna.

curves have the same variation trend. Conversely, a negative
value means the opposite trend. A larger correlation coeffi-
cient indicates a stronger correlation.

III. CHANGE IN ANTENNA POSITION AND CORRELATION
ANALYSIS
To ensure the accuracy of the simulation results, the numbers
of reflection rays calculated in the horizontal and vertical
directions are both set to 40. Moreover, to provide more
data for the antenna location diversity reference, cases of
hundreds of transmitting antenna and receiving antenna posi-
tions are simulated. The correlation analysis of any two path
loss curves is carried out to find the diversity antenna pair
locations with the lowest correlation coefficient.

Considering the practical installation requirements, a posi-
tion change of the transmitting antenna will be restricted to
the gray area, as shown in Fig. 2 (a). The receiving antenna
is located at the front panel of the train, and the size of the
simulated train model is based on that of a realistic train
whose width and height are 4.2m and 3.2m, respectively. The
position change range of the receiving antenna is set within
the red area of Fig. 2 (b). When considering the position
change of the transmitting antenna, the receiving antenna
is fixed on the front panel of the train, which moves along
the centerline of the tunnel; when changing the position of
the receiving antenna, the transmitting antenna is fixed at the
vertical central axis of the tunnel cross section on the entrance
plane and 0.282 m away from the upper wall of the tunnel.

To analyze the spatial diversity and the spatial-polarization
combined diversity properties, four polarization combina-
tions of the transmitting and receiving antennas are consid-
ered. In each case, movement of the position of the diversity
antenna in both the vertical and horizontal directions occurs
in increments of 0.2 m. Therefore, for the entire area shown
in Fig. 2(a), a total of 296 transmitting antenna positions
are simulated for each polarization case when transmitting
diversity, and a total of 200 receiving antenna positions are
simulated for the entire area shown in Fig. 2(b) when receiv-
ing diversity.

For a transmitting antenna at each position in the area
of Fig. 2 (a), diversity analysis is performed by comparing
the correlation coefficients between the path loss curve of
this transmitting antenna and the path loss curves of the
transmitting antennas at all the other positions in the area

of Fig. 2 (a). Similarly, for the receiving antenna at each
position in the area of Fig. 2 (b), the diversity analysis is
performed by comparing the correlation coefficients between
the path loss curve of this receiving antenna and the path
loss curves of the receiving antennas at all the other positions
of Fig. 2 (b). Therefore, for each transmitting or receiving
antenna at each position, a transmitting or receiving antenna
with the lowest correlation coefficient can be found at another
position. We call these two transmitting or receiving antennas
the transmitting diversity antenna pair or receiving diversity
antenna pair, and the number of diversity pairs is equal to the
number of antenna positions.

IV. DIVERSITY RESULTS AND DISCUSSION
This section presents the diversity results of the four cases and
analyzes the diversity effect. To determine the diversity effect
more intuitively, in addition to directly observing the differ-
ence between the path loss curves obtained by a diversity
antenna pair and a single antenna, this paper uses the median
field intensity proposed in [22] and the system field strength
flatness factor proposed in [23] to evaluate the slow and fast
fading characteristics of the received power, respectively, for
the cases of a single antenna and a diversity antenna pair.
The isolation between two receiving or transmitting antennas
of a transmitting diversity antenna pair or receiving diversity
antenna pair and the channel capacity are provided.

The median field intensity can be used to represent the
average strength of the received power, as expressed by

ASa =
1
x0

∫ x0

0
AS (x)dx (2)

where x0 is the length of the tunnel and As is the system
median field intensity defined in [22]. The expressions of
the system field strength flatness factor, which reflects the
flatness characteristics of the received power, are given by

FL(x) =
1E (x)
ASa

(3)

FLm = max [FL(x)] (4)

The isolation between antennas is required to be less than
a specified threshold to avoid interference affecting the com-
munication quality. The expressions of isolation are given by

Lv = 28+ 40 lg(k/λ) (5)

Lh = 22+ 20 lg(d/λ)− (G1 + G2)− (S1 + S2) (6)

Ls = (Lv − Lh)(α/90)+ Lh (7)

where k and d are the distances of the two antennas in the
vertical and horizontal directions, respectively. Lv and Lh are
the vertical isolation and horizontal isolation between the two
antennas, respectively. G is the antenna gain, and S is the
sidelobe level of the antenna in the 90 degree direction. Ls is
the isolation between two relatively inclined antennas, and α
is the angle between the two antennas in the vertical plane. For
the applied frequency in this paper, the threshold of isolation
is 35 dB.
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FIGURE 3. Simulated results of transmitting diversity: (a) pair A of the
vertical polarization, (b) pair B of the vertical polarization, (c) pair C of the
horizontal polarization, and (d) pair D of the horizontal polarization.

The channel capacity per unit bandwidth can be estimated
through the following expression:

C = log
(
1+

Pr
PN

)
(8)

where Pr is the received power and PN is the noise power.

A. TRANSMITTING DIVERSITY
As mentioned above, the transmitting diversity antenna pair
is defined by two transmitting antennas Txai and Txaibj (j 6= i,
i, j = 1, 2, 3 . . . 296), where Txai is the transmitting antenna
in a certain place in the gray area of Fig. 2(a) and Txaibj is
the transmitting antenna in another place in the gray area
of Fig. 2(a), the path loss curve of which has the lowest
correlation coefficient with respect to that of Txai . According
to this definition, a matching transmitting diversity antenna
pair can be found for each transmitting antenna in Fig. 2(a).
The influence of antenna polarization on the diversity prop-
erty can also be obtained. Since too many antenna positions
have been considered, for each polarization case, only two
examples of the diversity effects between two antenna pairs in
the area of Fig. 2(a) are given. For transmitting diversity in the
vertical polarization, the results of the two diversity pairs (pair
A and pair B) are shown in Fig. 3 (a) and (b), respectively, and
for transmitting diversity in the horizontal polarization, the
results of the two diversity pairs (pair C and pair D) are shown
in Fig. 3 (c) and (d), respectively. The channel capacities for
these four transmitting diversity pairs are shown in Fig. 4.

In Fig. 3, the black curve shows the path loss curve
obtained from the single transmitting antenna Txai , the red
line represents the path loss curve obtained from the single
transmitting antenna Txaibj , and the blue line represents the
path loss curve obtained from the diversity array of both.
In the legend of Fig. 3, imjnK denotes that the transmitting
antenna is located in the K region (Up or Lf, shown in Fig. 2)
at positions m (steps) and n (steps). It can be seen that by this

FIGURE 4. Channel capacity of transmitting diversity.

TABLE 1. Evaluation parameters of transmitting diversity.

scheme of selecting the transmitting antenna diversity pair,
a relatively stable and uniform receiving field can be realized
in the tunnel environment, and the waveguide effect can be
suppressed.

The evaluation parameters of the transmitting diversity
antenna and single antenna are summarized in Table 1. For
the vertical polarization, the transmitting diversity optimiza-
tion region is mainly in the far region. It can be seen from
Table 1 that compared with the single transmitting antenna,
the median field intensity of the far field is increased by 13%
after diversity is used, and the system field strength flatness
factor is decreased by 60%. By contrast, for the horizon-
tal polarized transmitting diversity, the optimized region is
mainly in the near region. Compared with the single trans-
mitting antenna, the median field intensity in the near region
is increased by 21%, and the system field strength flatness
factor is decreased by 48%.

The results of the isolation between the two transmitting
antennas in each diversity combination are summarized in
Table 4. The isolations of the four selected transmitting diver-
sity cases all satisfy the requirements. In addition, from the
data in Fig. 4, we can see that the channel capacity after
diversity is improved in the far field.

B. RECEIVING DIVERSITY
Similarly, the receiving diversity antenna pair is defined
by two receiving antennas Rxai and Rxaibj (j 6= i, i, j =
1, 2, 3 . . . 200), where Rxai is the receiving antenna in a
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TABLE 2. Evaluation parameters of receiving diversity.

FIGURE 5. Simulated results of receiving diversity: (a) pair A of the
vertical polarization, (b) pair B of the vertical polarization, (c) pair C of the
horizontal polarization, and (d) pair D of the horizontal polarization.

certain place in the red area of Fig. 2(b) and Rxaibj is the
receiving antenna in another place in the red area of Fig. 2(b),
the path loss curve of which has the lowest correlation coef-
ficient with respect to that of Rxai . According to this def-
inition, a matching receiving diversity antenna pair can be
found for each receiving antenna position in Fig. 2(b). The
influence of antenna polarization on the diversity property is
also obtained. For each polarization case, only two examples
of the diversity effects between two antenna pairs in the area
of Fig. 2(b) are shown in Fig. 5, and the evaluation parameters
of the cases are listed in Table 2. The channel capacities for
these four receiving diversity pairs are shown in Fig. 6.

It can be observed from Fig. 5 that the receiving antenna
diversity can also give flat field distributions in the tunnel
environment. Compared with the single receiving antenna,
the receiving diversity antenna pairs in the vertical polar-
ization can give a better distribution in the near region and
remove the deep fading, the median field intensity in the near
region increases by 11% and the systemfield strength flatness
factor decreases by 5%. Similarly, the receiving diversity in
the horizontal polarization can give a flatter field distribution
in the far region with a weak waveguide effect. Moreover,
from the evaluation parameters shown in Table 2, the receiv-
ing diversity for the horizontal polarization can reduce the
system field strength flatness factor by approximately 50%.

FIGURE 6. Channel capacity of receiving diversity.

TABLE 3. Evaluation parameters of combined diversity.

From Table 4, we can see that the isolations of the four
selected receiving diversity schemes all satisfy the require-
ments. From the data in Fig. 6, we can see that the channel
capacity after diversity is not degraded.

C. SPATIAL-POLARIZATION COMBINED DIVERSITY
A spatial-polarization combined diversity array is composed
of a pair of horizontally polarized transmit-receive antennas
and a pair of vertically polarized transmit-receive antennas.
The polarization diversity is defined by the different polar-
ization states between the two antenna pairs. The spatial
diversity here is defined by the two positions of the trans-
mitting antennas, which is similar to the above transmitting
diversity case but with the polarization of the two transmitting
antennas being in the orthogonal state. The positions of the
receiving antennas in the two pairs here are fixed in the
center of the locomotive. Correlation analysis of the path
loss curves between the pairs of vertically and horizontally
polarized transmit-receive antennas is carried out, and the
two pairs of orthogonal polarized transmit and receive anten-
nas with the lowest correlation coefficient are defined as
spatial-polarization combined diversity antenna pairs. Parts
of the results of the spatial-polarization combined diversity
are shown in Fig. 7, and the evaluation parameters of the path
loss are summarized in Table 3. The channel capacities of the
two spatial-polarization combined diversity pairs are shown
in Fig. 8.

It can be seen from Fig. 7 that the spatial-polarization com-
bined diversity can suppress the deep fading phenomenon,
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FIGURE 7. Simulated results of spatial-polarization combined diversity:
(a) pair A, (b) local enlarged drawing of pair A, (c) pair B, and (d) local
enlarged drawing of pair B.

FIGURE 8. Channel capacity of spatial-polarization combined diversity.

TABLE 4. Isolation between antennas.

especially in the near region, where some deep fading points
are eliminated. From the evaluation parameters in Table 3,
we can see that the median field intensity and the system field
strength flatness factor are also improved.

From Table 4, we can see that the isolations of the four
selected combined diversity schemes all meet the require-
ments. From the data in Fig. 8, we can see that the channel
capacity after the implementation of diversity is improved in
the far field.

V. MODE ANALYSIS
To understand the principle of the proposed diversity scheme,
we analyze the proposed diversity scheme from the perspec-
tive of the transmission mode. It is quite accurate to calculate
the mode phase and attenuation constant of the low-order
modes by solving the mode equation as long as the diameter

TABLE 5. The sum of E0,m,n for combined diversity.

of the tunnel is large enough relative to the applied wave-
length [7]. The natural modes supported by a rectangular
tunnel surrounded by a lossy medium are hybrid modes of the
index mn, with all three components of the electric and mag-
netic field present. Any electric-field component E(x, y, z)
can be expressed as a modal summation [24]
−→
E (x, y, z) =

∑
m

∑
n

E0,m,n ·
−→e m,n(x, y) · e−βm,nz (9)

where E0,m,n is the complex amplitude of the mn mode, −→emn
is the modal eigenfunction, βmn = kmn + αmn is the complex
propagation constant, and kmn and αmn are the propagation
and attenuation constants of the mn mode, respectively.

From the analysis in reference [25], we know that the
source affects the field of each order mode along the tunnel
by affecting E0,m,n in formula (9). The values of E0,m,n can
be immediately estimated through the following expression:

E0,m,n =

∫
S

(
−→
E REF ×

−→
h ∗m,n

)
· îzdS∫

S

(
−→e m,n ×

−→
h ∗m,n

)
· îzdS

(10)

with S being the transversal tunnel section. EEREF is the elec-
tric field over the transversal reference section z = zREF , and
Ehm,n ≈ hym,n · îy =

exm,n
η0
· îy, with η0 = 120π�. For the tunnel

in this paper, we calculated that the modes that dominate the
far field of the simulated tunnel are TE01, TE02, and TE03.
Therefore, we calculated the sum of E0,m,n for the three main
modes under the four transmitting diversity combinations
mentioned in Section IV of this paper and compared it with
the sum obtained when the single transmitting antenna is
used. The values are summarized in Table 5.

It can be seen from the calculation results that the sum
of the three main modes under the diversity result is larger
than the sum of the main modes when the single antenna is
used. This result means that the field of the three main modes
accounts for a larger proportion in the total field, thus making
the superimposed electric field more uniform.

VI. CONCLUSIONS
In this paper, an optimized scheme for spatial and polariza-
tion diversity antennas in a tunnel environment is proposed.
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By finding the smallest correlation coefficient between path
loss curves given by antennas at different positions, the diver-
sity antenna pairs with the smallest correlation coefficient
can be found. The diversity scheme proposed in this paper
can reduce the influence of the waveguide effect significantly
and result in more uniform and flatter radio wave coverage
in the tunnel environment. Moreover, regarding the channel
capacity, the peak throughput under a 100 M bandwidth can
reach 1 G/s, and it steadily attenuates to 100 M/s at the
tunnel exit. By combining polarization with diversity, the
field distribution can be further improved. It is shown that
an antenna closer to the center of the tunnel cross section
is more likely to give a weak correlation, which becomes
even weaker when the distance between the two antennas
increases. This result means that a better diversity effect can
be realized by properly increasing the distance between the
two antennas and that the deep fading phenomenon caused
by the waveguide effect can be further suppressed.
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