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In next-generation radio communication systems, the use of higher frequency bands and the massive multiple-input-multiple-
output (MIMO) systems has turned into hot research topics because they have the potential to increase network capacity
significantly by exploiting the available narrowband and broadband spectrums.'erefore, the narrowband channel measurements
are executed at the following five potential frequency bands, including 2.6 GHz, 3.5GHz, 5.6 GHz, 10GHz, and 28GHz in the
Shanghai subway tunnel environment in order to fulfill the latest standards of fifth generation (5G). Moreover, in the broadband
channel measurements, the center frequency is 3.5GHz and 5.6 GHz and the bandwidth is considered as 160MHz, respectively.
At the transmitter (Tx) side, a uniform rectangular antenna array composed of 32 elements is fixed on the platform near the tunnel
walls. 'e receiver (Rx) is equipped with a uniform cylindrical antenna array consisting of 64 elements, which is set on a trolley
along the track. Based on the acquired massive MIMO channel impulse responses, delay spread, angle spread, eigenvalue and
channel capacity are analyzed.'e results reveal that the multipath delay in the tunnel scenario is quite short, the delay spread and
angle spread drop rapidly as the distance between Tx and Rx increases and the channel matrix gradually becomes serious. 'is
research provides a reference for the deployment of future 5G systems in the subway tunnel.

1. Introduction

In recent years, in order to ensure the safety and efficiency of
train operations, it is necessary to transmit data such as
ultra-high-definition video stream monitoring, train oper-
ation control, and on-board sensing at a high rate and high
reliability between train and ground, which has created an
urgent need for the application and deployment of 5G in
subway communications. 'e characteristics of the wireless
propagation channel determine the final performance of the
wireless communication system. 'erefore, it is very im-
portant to detect the actual performance of wireless prop-
agation channels in a real tunnel environment. So far, a large

number of channel measurements [1–14] have been carried
out in different subway tunnel environments. 'e pio-
neering paper [1] shows that multiple reflections on the
tunnel wall and changes in tunnel cross-section result in a
relatively high diversity of MIMO channels in the tunnel
environment. According to the modal theory [2], the tunnel
can be regarded as a lossy waveguide, and the number of
active modes decreases rapidly as the Tx-Rx distance in-
creases, which limits the degree of freedom of the MIMO
channel matrix. However, compared with single-input-
single-output (SISO) channel, the improvement in channel
capacity is significant. On the basis of channel measurements
in a subway tunnel, the influence of polarization diversity,
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space diversity, and cross section of the tunnel on the ca-
pacity of MIMO channel capacity is considered in [3–6],
which provides suggestions for the design of the MIMO
system in tunnel scenario. It is pointed out that the incre-
ment of the cross-sectional area improves the MIMO
channel performance through measurements conducted in a
two-section tunnel-like environment in [7]. In [8–10], the
first keyhole measurement was introduced in the train-to-
ground communication system to evaluate the keyhole
probability of different polarization combinations and
tunnel cross sections, and it reveals that the impact of the
keyhole effect is limited. Broadband measurements are
conducted in the tunnel environment in [11–13]. 'e in-
fluence of train cars on the wireless channel in the tunnel is
considered and examined in [14, 15]. Massive MIMO
channels are measured in various scenarios strongly related
to the subway tunnel environments, such as subway plat-
form halls at 6GHz and 11GHz [16, 17] and intrawagon
environment at the millimeter wave (mmWave) bands [18].
It is proved that sum-rate capacity increases with the in-
crease of frequency. In [19, 20], the scholars divide the tunnel
into different propagation zones and propose a propagation
model that covers different propagation mechanisms in the
tunnel. In [21], a vector parabolic equation (VPE) field
prediction model is proposed, which can be used to analyze
radio propagation in railway rectangular tunnels. On the
basis of [21], VPE modeling has been improved and tunnel
roughness is incorporated as a parameter in [22], which can
be further used for various tunnel geometries with arbitrary
cross sections and curvature variations. A fast and accurate
radio wave propagation modeling combining the hybrid
VPE and waveguide mode theory is proposed in [23].
However, to the best of the authors’ knowledge, the current
MIMO antenna system used for channel measurements in
real tunnel scenarios does not exceed 4×4 and the research
on the long-distance train-to-ground communication sys-
tem in actual subway tunnel scenarios is particularly lacking.
'erefore, it is difficult to provide engineering guidance for
the design of 5G systems in tunnel environments.

In this paper, we conduct narrowband and broadband
wireless communication measurements in Shanghai Metro.
In the narrowband measurements, five potential frequency
bands of 5G, including 2.6GHz, 3.5GHz, 5.6GHz, 10GHz,
and 28GHz, are selected, and the propagation characteristics
of signals in the tunnel environment are investigated. In the
broadband measurements, the center frequency of the
carrier is 3.5GHz and 5.6GHz, and the bandwidth is de-
liberated as 160MHz. 'e Tx and Rx antenna arrays are
composed of 32 and 64 elements, respectively. In order to
simulate the actual wireless communications in a subway
tunnel, the transmitter is fixed on the platform close to the
tunnel wall, and the receiver is placed in a trolley that can
move along the track. Based on the collected data, we
modeled the path loss parameters and analyzed the power
delay profile (PDP), root-mean-square delay spread (RMS-
DS), root-mean-square angle spread (RMS-AS), eigenvalue,
and channel capacity.

'e rest of this paper is organized as follows. In Section
2, the environment and system for narrowband and

broadband channel measurements are introduced. Section 3
shows the fitted path loss models in narrowband mea-
surements. In Section 4, the broadband channel parameters
including PDP, RMS-DS, RMS-AS, eigenvalue, and capacity
are analyzed, whereas Section 5 draws conclusions.

2. Channel Measurements

2.1. Measurement Environment Description. As depicted in
Figure 1(a), the measurements were conducted in a metro
Line 7 between Shanghai University and QiHua Rd. in
Shanghai, China. 'e cross section of the tunnel is arched,
with a radius of 2.78m, a height of 5m, and a width of 3.4m
at the bottom, as given in Figure 1(b). 'e tunnel wall
materials are reinforced with concrete material. As shown in
Figure 1(c), the tunnel can be divided into three sections
structurally, S1 is a short straight tunnel with a length of
20m, S2 is a curve with a length of 100m and a radius of
curvature of 1500m, and S3 is a long straight tunnel with a
length of 700m. In our narrowband measurements, the
farthest measurement distance between Tx and Rx is 800m.
In wideband measurements, due to the busy schedule of the
subway line, we only measured the first 500m broadband
channels. Within this 500m measurement range, 91 mea-
surement points are sampled at 3.5GHz, while 43 mea-
surement points are sampled at 5.6GHz.

As shown in Figure 2, to simulate the actual base station,
the Tx is fixed at the end of the extension section of the
platform, close to the tunnel wall. 'e Tx is 1.8m high, and
the platform height is calculated as 1.3m, where the Rx is
located on a mobile trolley on the central rail of the tunnel,
simulating as an access point. In order to reduce the in-
terference of testers on signal transmission, we increased the
height of the Rx to 2.7m.

2.2. Narrowband Measurement System. In the narrowband
measurements, as shown in Figure 3, the signal generator
Agilent E8257D and spectrum analyzer Ceyear 4024G are
separately employed in both sides of Tx and Rx, respectively.
Ultra-wideband (1GHz - 40GHz) omnidirectional antennas
are equipped on both sides, and high-precision rubidium
clocks are used to ensure synchronization. An unin-
terruptible power supply (UPS) ensures the power supply of
the equipment in the whole measurement process. Five
potential 5G frequency bands are investigated in our nar-
rowband measurements, including 2.6GHz, 3.5GHz,
5.6GHz, 10GHz, and 28GHz.

2.3. Broadband Measurement System. In the broadband
measurements, the pseudo-noise (PN) sequence correlation
method is used. At the Tx side, a PN sequence is modulated
with a bandwidth of 160MHz and a length of 1023 chips on
the carrier frequencies of 3.5GHz and 5.6GHz by Binary
Phase Shift Keying (BPSK).'e Rx is divided into 8 channels
to collect data in parallel. We use a low-noise amplifier to
improve the received signal-to-noise ratio (SNR). Note that
it takes only 10ms to complete the static channel mea-
surements of 2048 (32×64) subchannels in one cycle, and
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Figure 1: Measurement environment. (a) Real scene. (b) Cross section. (c) Floor map.
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Figure 2: Real measurement scenario. (a) Tx side. (b) Rx side.
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128 cycles of data are collected at each Rx measurement
position.

In the broadband measurements, directional patch an-
tenna arrays are equipped at both Tx and Rx sides. 'e 3 dB
beamwidth of elements on the vertical and horizontal planes
is 100° and 120°, respectively. All multipath signal propa-
gation paths in the tunnel environment can be detected
perfectly. 'e structure of the Tx and Rx antenna is very
similar to that used in [24, 25], as shown in Figure 4. 'e Tx
is equipped with a 2×8 uniform rectangular antenna patch
array. On the Rx side, the uniform cylindrical array can be
divided into 8 sectors, and each sector has 4 antenna patches
arranged in the vertical direction.'e antenna patch spacing
is half of the wavelength, and each antenna pair includes a
pair of colocated dual-polarized antennas. Each patch an-
tenna encompasses two elements with the main polarization
of ±45° at 3.5 GHz and vertical and horizontal at 5.6 GHz.
'e important measurement parameters are summarized in
Table 1.

3. Narrowband Channel Characterization

3.1. Path Loss. Path loss characterizes the signal energy
attenuation after the propagation of transmitted signals.
Figure 5 presents the path loss measured in the given subway
tunnel environment.'emost typical path loss model is first
used to quantitatively analyze the path loss parameters [26]:

PL[dB] � PL d0(  + 10n log10
d

d0
  + Xσ , (1)

where d0 is a reference distance and usually set to 1m in a
tunnel scene, d is the distance between the Tx and Rx, and n

is the path loss index and equals to 2 in free space. Xσ is a

random variable with zero mean Gaussian distribution and
the standard deviation is σ. PL(d0) is optimized with the
path loss index n to minimize the mean-square error (MSE)
between model and the real measurements. 'e extracted
parameters are listed in Table 2. It can be found that the path
loss exponent at all measured frequency bands in the tunnel
is smaller than that of a free space channel and decreases
with the increment of signal frequency. 'is is because the
waveguide effect in the tunnel still exists on the whole.
Furthermore, the shorter the wavelength of the signal, the
greater the possibility of specular reflection on the tunnel,
which enhances the waveguide effect of the tunnel on higher
frequency signals.

Meanwhile, it is worth noting that the line-of-sight
(LOS) propagation can be blocked by the curved tunnel wall
(S2); thus, the location where the LOS components are
blocked is very important to accurately predict the path loss
over there [27]. Based on the geometric representation of the
location for break point as shown in Figure 6, we estimate
that the break point dbp of LOS and non-line-of-sight
(NLOS) propagation of the tunnel in this article is about
91m.'e two-slope path loss model under the tunnel can be
defined as

PL[dB] �

PL d0(  + 10n1log10
d

d0
  + Xσ1, d≤dbp,

PL dbp  + 10n2log10
d

dbp

  + Xσ2, d>dbp.

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(2)

Figure 7 shows the two-slope path loss model at 28GHz.
'e coefficients of the models for all frequency bands are
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Figure 3: Narrowband measurements setup description.
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(a) (b)

Figure 4: Antenna array used in the measurements. (a) Tx. (b) Rx.

Table 1: Measurement parameters.

Parameters Narrowband measurement Broadband measurement
Frequency 2.6GHz/3.5GHz/5.6GHz/10GHz/28GHz 3.5GHz/5.6GHz
Probe signal Sine wave PN sequence
Bandwidth 0 160MHz

Antenna structure Omnidirectional antenna
(Tx)

Omnidirectional antenna
(Rx)

Uniform rectangular
array (Tx)

Uniform cylindrical
array (Rx)

Polarization of Tx/Rx antenna Vertical/vertical Dual polarization: 3.5 GHz: ±45° 5.6 GHz:
vertical and horizontal

Height of Tx/Rx antenna 1.8m/2.7m 1.8m/2.7m
Farthest measurement distance 800 m 500m
Number of sampling points 85 3.5GHz: 91 5.6GHz: 43
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Figure 5: Path loss at different frequencies.
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listed in Table 3. 'e path loss exponent varies from 1.06 to
1.80 in the LOS propagation scenario, while in the NLOS
scenario, the path loss exponent ranges from 1.67 to 2.42.
'is shows that before the break point, the multipath
propagates in the axial direction of the tunnel and propa-
gates in the way of reflection between the tunnel walls,
resulting in a smaller propagation loss. When the curved
tunnel wall occludes the multipath components, the above
waveguide effect is weakened. Compared with the path loss

models in [27], it shows a smaller path loss exponent in the
NLOS area mainly because the radius of curvature of 1500m
is much larger than that in [27]. In addition, Tx is placed
close to the tunnel wall in our measurements, while Tx and
Rx in [27] are set in the center of a tunnel. From the
comparison of 5 measured signal frequencies, the propa-
gation attenuation rate of 5.6GHz is the smallest in the LOS
scenario while the path loss exponents of 10GHz and
28GHz are smaller in the NLOS scenario.

Table 2: Path loss coefficients.

Frequency (GHz) PL(d0)(dB) n σ(dB)

2.6 41.55 1.95 5.18
3.5 46.01 1.90 5.06
5.6 48.59 1.56 5.63
10 59.07 1.48 5.85
28 70.19 1.47 4.53
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Figure 6: 'e location for break point.
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Figure 7: Measured data versus two-slope path loss model at 28GHz.
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4. Broadband Channel Characterization

4.1. PDP and RMS-DS. PDP is frequently used to charac-
terize the distribution characteristics of multipaths in the
delay domain. Average Power Delay Spectrum (APDP) is the
average of PDPs over all Tx-Rx links, which can reduce the
interference of small-scale fading on effective signal mul-
tipaths [28], expressed as

APDP(τ) �
1

NTNR



NT

m�1


NR

n�1
hmn(τ)



2
, (3)

where NT and NR represent the number of array elements of
Tx and Rx, respectively. hmn(τ) is the complex channel
impulse response between the m-th Tx and the n-th Rx.

Figure 8 shows normalized APDP at all measurement
points in the tunnel scenario. Taking APDP at 3.5 GHz as
an example, the multipath component decays very
quickly with time. If -20 dB is chosen as the power
threshold of the multipath components, the delay of the
multipath component will rapidly attenuate from 100 ns
to 50 ns with the increase of Tx-Rx distance. 'e trend of
APDP at 5.6 GHz is observed roughly the same as that of
3.5 GHz.

We can further study the delay spread by APDP. Delay
spread is a statistical description of the delay characteristics
of a multipath channel, which determines the highest
transmission rate supported by the channel, in case of no
intersymbol interference within a broadband communica-
tion system. RMS-DS is usually defined as the central second
moment of APDP, expressed as follows [26]:

τrms �

����������������������������������


K
k�1 P τk(  · τk( 

2


K
k�1 P τk( 

−


K
k�1 P τk(  · τk( 


K
k�1 P τk( 

 

2



, (4)

where K represents the number of effective multipath
components. P(τk) and τk are the estimated power and the
relative delay of the k-th effective multipath.

It is observed from Figure 9(a) that RMS-DS decreases
with the increase of Tx-Rx distance, which is basically
consistent with the simulation results of the ray-tracing
method in [15]. 'is can be explained by the modal theory
[29]. When Tx-Rx distance is short, multiple propagation
modes are excited. As the distance increases, especially after
entering the NLOS propagation scenario, the high-order
modal attenuation is severe, and only the low-order basic
modal is maintained. 'erefore, the RMS-DS in the NLOS
region is relatively stable and changes smoothly. 'e statistic

and percentiles are listed in Table 4. Except for the LOS
scenario when the Tx-Rx distance is short, RMS-DS varies
from 6 ns to 10 ns at 3.5GHz, while RMS-DS at 5.6GHz
changes from 4 ns to 8 ns. Overall, it can be concluded from
Figure 9(b) that the RMS-DS at 3.5GHz is slightly larger
than that of 5.6GHz.

4.2. RMS-AS. RMS-AS is usually explored to indicate the
expansion of the departure or arrival angle of signals on the
antenna due to multipath reflection and scattering effects. In
this paper, we use the Bartlett beamforming method to
estimate the angle characteristics in azimuth of arrival
(AOA), the elevation of arrival (EOA), azimuth of departure
(AOD), and elevation of departure (EOD). RMS-AS is de-
fined as the second-order central moment of the angle
spectrum and can be calculated as follows [26]:

Δrms �

�����������������


K
k�1 θk − θ 

2
P θk( 


K
k�1 P θk( 




, (5)

θ �


K
k�1 θkP θk( 


K
k�1 P θk( 

, (6)

where θk is the angle of the k-th effective multipath.
Figure 10 shows the angle-delay power spectrum at a

typical LOS position (Tx-Rx distance of 15m) and NLOS
position (Tx-Rx distance of 400m) in AOA. It can be ob-
served that at a typical LOS measurement location, most of
the multipaths are concentrated in the LOS (about −90°)
direction, and the other multipaths can be received by Rx in
the directions of −60° and −100°, reflected from the walls of
both sides of the tunnel. At the NLOS location, due to the
limited propagation space of the tunnel, the waveguide effect
forces the multipath components to propagate along the
direction of the track. 'e angles for approaching the re-
ceiver are basically the same, all around −80°.

It is found that the RMS-AS decreases rapidly with the
increase of the Tx-Rx distance from Figure 11. 'e statistical
results of all RMS-AS are summarized in Table 5. 'e
uniform cylindrical array at the Rx side can receive signals
from different azimuth angles of each sector, and a larger
expansion of the angle of arrival can be obtained. About 90%
of the AOD and EOD is less than 10° at the Tx side, and 90%
of EOA is less than 5°. Comparing the RMS-AS at different
frequency bands, it can be concluded that the RMS-AS at
3.5GHz is larger than that of 5.6GHz except in AOA. 'e

Table 3: Path loss coefficients of two-slope models.

Frequency (GHz)
LOS NLOS

PL(d0)(dB) n1 σ1(dB) PL(dbp)(dB) n2 σ2(dB)

2.6 47.17 1.57 4.75 77.85 2.42 5.27
3.5 47.29 1.80 4.20 82.46 2.09 5.87
5.6 56.20 1.06 5.89 76.92 2.09 4.82
10 59.90 1.41 4.75 87.45 1.67 6.77
28 72.90 1.29 4.83 98.11 1.72 4.06
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above experimental conclusions are quite beneficial to the
deployment and design of antennas in tunnel scenarios.

4.3. Eigenvalue and Channel Capacity. We estimate the
performance of the wireless communication system by
measuring the channel capacity and the eigenvalue

distribution of the channel matrix. 'e complex channel
matrix H can be expressed as follows:

H �

h11 · · · h1NR

⋮ ⋱ ⋮
hNT1 · · · hNTNR

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠, (7)
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Figure 8: Normalized APDP. (a) 3.5GHz. (b) 5.6GHz.
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Table 4: Statistic of RMS-DS.

Frequency (GHz) 10% (ns) 50% (ns) 90% (ns) Mean (ns) Standard deviation (ns)
3.5 6.09 6.84 8.72 7.26 1.40
5.6 4.34 5.28 7.48 5.70 1.40
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where hmn can be obtained by summing the multipath
signals of each subchannel:

hmn � 
K

k�1
hmn τk( . (8)

'enormalized eigenvalue λi of HH† is seen in Figure 12.
Here, (·)† is the conjugate transpose of the matrix. It can be
found that the attenuation of the channel matrix eigenvalues
at a typical LOS position (Tx-Rx distance of 15m) is slower
than that of NLOS position (Tx-Rx distance of 400m). 'e
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Table 5: Statistics of RMS-AS.

Frequency (GHz) Angle 10% (°) 50% (°) 90% (°) Mean (°) Standard deviation (°)

3.5

AOA 0.47 1.16 17.83 6.15 9.74
EOA 0.49 1.20 3.78 2.01 2.61
AOD 0.56 3.08 9.00 4.48 4.35
EOD 1.83 5.34 9.42 5.52 2.90

5.6

AOA 0.22 1.25 16.68 4.96 8.34
EOA 0.71 1.66 4.63 2.36 1.92
AOD 0.77 2.65 9.30 4.09 4.30
EOD 0.11 3.63 7.61 4.11 4.46
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normalized eigenvalue of 5.6GHz has greater attenuation
than that of 3.5GHz. Assuming that -16 dB (0.025) is used as
the eigenvalue threshold, it is considered that eigenvalues that
are smaller than the threshold value have little effect on the
channel matrix. Taking the condition of Tx-Rx distance of
15m at 3.5GHz as an example, the number of effective ei-
genvalues of the channel matrix is only 12, which is much
smaller than the minimum number of Tx and Rx antenna
elements min(NT, NR). It shows that in the measured tunnel
environment, the massive MIMO channel matrix has a se-
rious rank reduction, which will have an adverse effect on the
multistream parallel transmissions in wireless communica-
tion systems.

Channel capacity refers to the maximum information
rate transmitted in an error-free channel, which is one of the
most important indicators for measuring wireless propa-
gation channels. It can be expressed as [30]

C � log2 det INR
+

ρ
NT

HnH
†
n , (9)

where INR
is the real identity matrix. ρ is the SNR at the Rx

side, which is set to 10 dB here. Hn is the normalized channel
matrix from which the channel complex matrix H removes
the influence of path loss and satisfies ‖Hn‖2F � NTNR.

In order to explore the deployment prospects of massive
MIMO in subway tunnel scenarios, we focus on the influ-
ence of the Tx-Rx distance and the number of transmitting
antenna elements on the channel capacity. Under the
condition of a constant SNR � 10 dB and a fixed number
NR � 64 of cylindrical antenna elements at the Rx side,

channel capacity at 3.5GHz and 5.6GHz is shown in
Figures 13(a) and 13(b), respectively.

Figure 13(c) shows the 32×64 MIMO channel capacity
with the Tx-Rx distance in the tunnel scenario at 3.5GHz
and 5.6GHz. It can be seen that, under the propagation
condition of LOS, the channel capacity decreases rapidly
with the increase of the Tx-Rx distance. Consider the
3.5GHz channel capacity as an example; it drops from
85 bits/s/Hz to 45 bits/s/Hz. 'e average channel capacities
of 3.5GHz and 5.6GHz are 54.96 bits/s/Hz and 55.55 bits/s/
Hz in the LOS propagation scenario, respectively. Channel
capacity at 5.6GHz appears to be slightly higher than that at
3.5GHz in the LOS scenario. 'is can be explained as the
higher the frequency is, the more modalities are excited,
which enhances the decorrelation at the receiver side. When
the Rx enters the NLOS area, the number of active modes
decays rapidly and the channel capacity attenuates slowly.
'e average channel capacity of 3.5GHz and 5.6GHz in the
NLOS area is 36.24 bits/s/Hz and 28.96 bits/s/Hz, respec-
tively. From the ray theory point of view, in the LOS area, the
direct component exists stably. As the distance between Tx
and Rx increases, the distance between the multipath
component reflected by the tunnel wall and the direct
component gradually decreases, resulting in smaller RMS-
DS and RMS-AS. 'e similarity between multipath com-
ponents is increased, thereby reducing the ability of channel
diversity gain. In the NLOS propagation area, the direct
component is blocked by the tunnel curvature, and the
surface of the curved tunnel wall will provide irregular re-
flection. 'e propagation distance between multipath
components is relatively stable, so the channel capacity does
not change significantly with the distance between Tx and
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Figure 12: Normalized eigenvalues at a typical LOS scenario and NLOS scenario.

10 International Journal of Antennas and Propagation



Rx. As a reference, the 32×64 MIMO Rayleigh channel
capacity is about 128 bits/s/Hz.'eMIMORayleigh channel
capacity of 4×4, which is deployed in the current subway
communication system, is about 11 bits/s/Hz. 'e channel
capacity is considerably lower than the Rayleigh channel
capacity under the condition of the same antenna scale. 'is
is because that the tunnel measurement environment in this
paper is obviously nonscattering environment, the RMS-DS
and RMS-AS are quite small, and the spatial correlation is
very large. In addition, the rank reduction of the channel
matrix mentioned above also limits the capacity of the
channel. However, compared with the 4×4 MIMO de-
ployment in tunnels, there is still a considerable improve-
ment in channel capacity. 'e channel capacity of 3.5GHz is
generally greater than 5.6GHz in the NLOS scenario, which

is consistent with the APDP observed in Figure 8. It can be
seen that the number and power of multipaths at 3.5GHz are
greater than those at 5.6GHz in the NLOS area, which
results in greater delay spread and angle spread and smaller
spatial correlation.

As we all know, under the condition when antennas are
not correlated with each other, the channel capacity of
MIMO can increase linearly with min(NT, NR). It can be
seen from Figure 13(d) that at the Tx-Rx distance of 400m,
the channel capacity converges rapidly as the number of Tx
antenna elements increases. When the number of Tx an-
tenna elements is larger than 16, the channel capacity re-
mains relatively constant, and the 3.5GHz and 5.6GHz
channel capacities are 37 bits/s/Hz and 33 bits/s/Hz, re-
spectively. At the Tx-Rx distance of 15m, the channel
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Figure 13: Channel capacity. (a) Channel capacity at 3.5 GHz. (b) Channel capacity at 5.6GHz. (c) 32×64 massive MIMO channel capacity
versus distance. (d) Channel capacity versus the number of Tx antenna elements.
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capacity at 5.6GHz and 3.5GHz is relatively close. When the
number of Tx antenna elements reaches 32, the channel
capacity is about 80 bits/s/Hz.

5. Conclusion

In this article, we carried out narrowband measurements at
five potential frequency bands, and 32×64 broadband
massive MIMO channel is analyzed in the tunnel scenario of
Shanghai Metro Line 7. 'e tunnel is divided into two
propagation areas: the LOS area and the NLOS area. Path
loss, PDP, RMS-DS, RMS-AS, channel matrix eigenvalue,
and channel capacity have been investigated based on the
acquired channel impulse response. 'e proposed method
will have many fruitful applications for the massive MIMO
channel-based 5G mobile communications in underground
tunnels, mines, and railways. From this article, we can
summarize the following conclusions:

(1) 'e overall path loss exponent in the tunnel is
smaller than that of the free space. From a com-
prehensive comparison of measured frequencies, it is
inferred that 5.6GHz has the smallest path loss at-
tenuation rate in the LOS area, while 10GHz and
28GHz have smaller path loss exponents in the
NLOS area

(2) 'e waveguide effect of the tunnel limits the RMS-
DS and RMS-AS of the channel. 'e multipath delay
is within 100 ns, the maximum value of RMS-DS is
less than 15 ns, and the mean value of RMS-AS is less
than 6.15°. RMS-DS and RMS-AS attenuate rapidly
as the Tx-Rx distance increases

(3) In the tunnel scenario, the eigenvalue of the channel
matrix decays quickly, and the channel rank re-
duction is serious. 'e measured 32×64 MIMO
channel capacity at 3.5GHz has a maximum value of
85 bits/s/Hz and a minimum value of 28 bits/s/Hz.
'ere is a big gap with the Rayleigh channel due to
the high similarity of multipath components.
However, compared with the MIMO system
deployed in the contemporary communication sys-
tem in tunnels, the measured channel capacity has
been greatly improved. In the NLOS scenario, as the
number of Tx antenna elements increases, channel
capacity shows a trend of rapid convergence

(4) 'rough the comparison of the measured frequency
bands, RMS-DS, RMS-AS, and channel capacity at
3.5GHz are slightly larger than these at 5.6GHz
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