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ABSTRACT A 28 GHz millimeter-wave (mm-wave) propagation measurement campaign was performed to
predict the multiple-input multiple-output (MIMO) channel performance in a tunnel environment. Two kinds
of polarization configurations were studied in this paper. In order to overcome the serious path loss (PL)
of mm-wave propagation, a high gain directional horn antenna was used in the measurements of tunnel
environment. The measurement results and simulation results at same specific locations are compared. The
result of comparison indicates that the simulation model matches the measurement well. Then the MIMO
capacity at other locations of the tunnel can be predicted by the simulation model. Further-more, it is
inferred that the antenna array elements of horizontally polarized configuration have higher capacity than
the vertically polarized under the constant signal-to-noise ratio (SNR).

INDEX TERMS Channel, multiple-input multiple-output (MIMO), millimeter-wave (mm-wave), tunnel.

I. INTRODUCTION

There is now a growing interest in the urban rail transit
systems in underground tunnels to increase the data rates.
While the reality of a spectrum shortfall is now rapidly
increasing [1]. To address this challenge, there has been
found an emerging attention in the so-called millimeter-wave
(mm-wave) bands, which has a massive amount of raw
bandwidth.

Understanding of wireless channel characteristics is very
important for the designing of wireless communication sys-
tems. So it is essential to study the mm-wave multiple-input
multiple-output (MIMO) channel propagation characteristics
in subway tunnels. MIMO channel performance was initially
investigated in the subway tunnel environment in [2] for the
lower frequency band (under 6 GHz). Afterwards, the theory
of MIMO studies based on modal analysis and experimental
campaigns have been performed for subway tunnels [3], [4].

To the best of our knowledge, only a few papers [5]-[7]
are focused on the ‘non-subway’ tunnels (mine tunnels) at
60 GHz frequency band. In [5], Single-input single-output
(SISO) mm-wave channel measurements were conducted in
a mine tunnel under the narrow and wide environments. The
results show that the capacity of SISO channel in narrow
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environment is higher than that in wide environment, and
its path loss (PL) exponent is found lower than that in the
free space. In [6], a measurement campaign was performed
in a mine tunnel and 2 x2 mm-wave MIMO channel capacity
using microstrip patch antenna arrays was calculated for the
line of sight (LOS) and non-LOS (NLOS) conditions. A mm-
wave MIMO channel measurement using high gains direc-
tional horn antenna in the same mine tunnel were executed
in [7]. Since the dimension, material or roughness of the wall
in mine tunnel are quite different from the subway tunnel,
so here we performed the MIMO channel measurements in
the Nantong tunnel in Zhongtian technology company (ZTT),
Nantong, China at 28 GHz. Moreover, we used these mea-
surement results to predict the mm-wave MIMO channel
performance in a subway tunnel.

The rest of this paper is organized as follows. Section II
ex-plains the measurement and the simulation setup and
procedure. Experimental results and simulation results are
studied and analyzed in section I1I. Finally, section I'V depicts
the conclusions.

Il. MEASUREMENT AND SIMULATION

ENVIRONMENT AND SETUP

A. MEASUREMENT

The measurements were conducted in the subway-like tunnel
in ZTT, Nantong, China and the inner scenario is shown
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FIGURE 1. Nantong tunnel and Tx-Rx arrays locations [8].
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TABLE 1. Channel measurement parameters.

DESCRIPTION Value
center frequency 28 GHz
transmit power 23 dBm
bandwidth 100 MHz
sample rate 200 MHz
Delay resolution 10 ns
Maximum delay 5110 ns
Transmit signal PN sequence
PN sequence length 511 chips
Tx antenna height 1.6 m
Rx antenna height 1.6 m

in Fig. 1 and the sounding setup is shown in Fig. 2. The
measurement parameters are summarized in Table 1. The
detailed information of the measurement environment and
sounding setup can be found in our previous work [8]. The
virtual array was used to realize the MIMO measurement.

Two types of polarization configurations (VV, HH) were
considered during the measurements. The directional antenna
was used as a horn antenna whose half-power beam width is
16° and the gain is 19.25 dBi. Vertically polarized transmit-
ting/receiving signals can be realized by placing vertically
the long side of the antenna aperture to the ground, and
further rotating it with 90° parallel to the ground for realizing
horizontally polarized transmitting/ receiving signals.

VV: All Tx and Rx antenna array elements are vertically
polarized.

HH: All Tx and Rx antenna array elements are horizontally
polarized.
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TABLE 2. Properties of the tunnel wall used in wireless insite.

Material  Thickness(m)  Roughness

concrete 0.5 0.001 0.48 5.31

Conductivity(s/m)  Permittivity

B. SIMULATION

We use Wireless InSite ray-tracing software to obtain sim-
ulation results. The simulation 3-D model is established
according to the measurement environment by AutoCAD.
The 100 m long tunnel is consisted of 50 m rectangular part
and 50 m arch part. The width and height of the tunnel is
4.4 m and 3 m, respectively. The configurations of walls are
shown in Table 2. To investigate MIMO capacity on other
locations, a further simulation in which the Tx-Rx distance
range is from 15 m to 94m in with 1 m interval as is shown
in Fig. 1.

Ill. DATA PROCESSING AND ANALYSIS
The CIR is directly generated by the cross-correlation of the
collected data with the replica of the transmitted sequence [9].
To separate the valid multipath components (MPCs) from the
background noise, the threshold value was calculated based
on a 5 dB signal-to-noise ratio (SNR) threshold relative to the
mean thermal noise floor of the raw power delay profile [1].
Mutual information capacity is a fundamental property
of a MIMO-based system. To calculate the MIMO channel
capacity, (1) was used to get the narrow band channel impulse
response [10].

Nt
Bparr (t, 8, 1) ZZh(Z‘, T, 8, 1) (D
i=1

where N; is the number of multipath, s denotes the s-th Rx
antenna and is the u-th Tx antenna.

It is a common practice to normalize the MIMO channel
matrices before analyzing the MIMO channel capacity. The
normalized channel matrix for each channel realization is

expressed as [11]
NTxNRx
Hpor =H | ———— (2)
IHE)17

where ||H||y denotes Frobenius norm, and it is given by

Ngx Nrx

oIyl 3)

i=1 j=1

IHllp =

Assuming no channel state information is available at the Tx,
so the capacity of the MIMO channel can be calculated as

C = log, |:det (INRX + LHnorHi‘mr)} ()
N Tx

where p is the average SNR, (e)* denotes the Hermitian
transpose of a matrix, N7 and Ng, are the number of Tx and
Rx antenna elements, respectively. Ing, is the identity matrix
of size Ngy X Npgy.
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FIGURE 3. 2x2 MIMO capacity against Tx-Rx distance for a constant SNR
of 10 dB.
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FIGURE 4. 4x4 MIMO capacity against Tx-Rx distance for a constant SNR
of 10 dB.

A. MIMO CHANNEL CAPACITY FOR A CONSTANT SNR
WITH COMPARISON BETWEEN MEASUREMENT

AND SIMULATION

In order to perform a fair comparison of different systems
or schemes, a constant SNR of 10 dB was considered. The
2x2 and 4x4 MIMO channel capacity for a constant SNR is
given in Fig. 3 and Fig. 4, correspondingly. The simulation
results are lower than measurement results in the figures.
Since the simulation is an ideal environment, there are some
small scatters on the wall during the measurement that are
not considered in simulation, so the simulation results are
lower than the measured results. The simulation results have
the same trend as the measurement results in spite of the
location at 30 m. The reason caused the difference between
measurement and simulation is that the measurement envi-
ronment has metallic materials on the location of 30 m which
causes strong reflection. MIMO capacity in measurement is
higher near this location than simulation. So we can conclude
that the simulation model meets the measurement well. The
mean capacity of all Tx-Rx distance for HH and VV is given
in Table 3. It is observable that the HH performed better than
the VV.
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TABLE 3. Mean capacity for a constant SNR of 10 dB(5locs).

Polarization Average Capacity (bit/s/Hz)
configuration 4x4 2x2 SISO
VV-Meas 57 4.1 35
HH-Meas 6.7 4.3 3.5
VV-Simul 5.42 4.39 3.46
HH-Simul 5.40 4.39 3.46
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FIGURE 5. Reflection coefficient of vertically and horizontally polarized
signals.

The reason caused the phenomenon above is illustrated
as follows. The conductivity and relative dielectric constant
of concrete are 0.48 S/m and 5.31 according to the Inter-
national Telecommunication Union (ITU) recommendations
at 28 GHz. For reflections on non-perfectly conducting sur-
faces, the plane wave Fresnel reflection coefficients for verti-
cal polarization (L) and horizontal polarization (||) are given
by [12]

cos (9) — /&' — sin® ()

R, (6) = 5
L@ cos (0) + /&' — sin? (9) ©)
and
/ /— ainl
Ry (0) = g’'cos () — /& — sin“ (0) ©)

g'cos (0) + & — sin? )

where ¢/ = ¢/g9 — jo/ (wey),w = 2nf, with ¢ = g,& the
permittivity of the material, o the conductivity, &, the relative
dielectric constant, gq is a constant of 8.85x 10712 F/m, fis
the carrier frequency and 6 the incidence angle. The reflection
coefficients of vertical and horizontal polarizations are vary-
ing with incident angle as given in Fig. 5. As can be seen,
vertical polarization coefficient increases with the incidence
angle. But horizontal polarization coefficient has a Brewster
angle, and is always lower than the vertical polarization
coefficient.

For horizontally polarized signals, the incident ray on the
tunnel ceiling and floor is horizontally polarized but vertical
polarization is observed on the tunnel walls. For vertically
polarized signals, the opposite response is observed. Accord-
ing to the reflection coefficient, the reflection ray power on
the tunnel wall for HH is larger than the VV. Because the

108397



IEEE Access

X. Liu et al.: Experimental Investigation of Millimeter-Wave MIMO Channel Characteristics in Tunnel

475

47 r

465

46

455

45

Capacity(bit/s/Hz)

445

4.35 I 1 1 I I I I I
10 20 30 40 50 60 70 80 90 100

Tx-Rx Distance(m)

FIGURE 6. 2x2 MIMO capacity against Tx-Rx distance with prediction for
a constant SNR of 10 dB.
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FIGURE 7. 4x4 MIMO capacity against Tx-Rx distance with prediction for
a constant SNR of 10 dB.

tunnel width is larger than the tunnel height, the reflected rays
on the tunnel walls have larger angle of arrival than tunnel
ceiling and floor. This results in a higher angular spread for
HH than the VV. So the HH configuration has larger channel
capacity than the VV configuration.

B. MIMO CHANNEL CAPACITY FOR A CONSTANT SNR
WITH COMPARISON BETWEEN MEASUREMENT

AND SIMULATION

To investigate MIMO capacity on other locations of the
tunnel. The simulation with 80 receivers’ locations is done.
Each location has 2x8 = 16 antennas. The Tx-Rx distance
ranges from 15 m to 94 m and the interval between two
locations is 1 m. The predicted 2x?2 and 4 x4 MIMO channel
capacity with constant SNR are shown in Fig. 6 and Fig. 7,
respectively.

The MIMO channel capacity of HH and VV is almost
overlapped when Tx-Rx distance ranges from 15m to 45m
due to high Ricean K factor, which is defined as the power
ratio of LOS components and NLOS components. As can
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TABLE 4. Mean capacity with prediction for a constant SNR of 10
dB(80locs).

Polarization Average Capacity (bit/s/Hz)

Configuration 4X 4 2X2 SISO
\'A% 5.59 4.41 3.46
HH 5.65 4.44 3.46

be seen in Fig. 6 and Fig. 7, MIMO channel capacity of the
HH and the VV under a constant SNR of 10 dB increase
when Tx-Rx distance ranges from 45m to 95m due to the
decrease of K factor and the HH is higher than that of VV.
The mean capacity of all Tx-Rx distance for HH and VV is
given in Table 4. The prediction results show that the HH
has a higher mean capacity than the VV. So, the HH is
suggested to be a better polarization configuration for the
future mm-wave MIMO communication in the tunnel. Since
a MIMO system is quite complicated, it is rather important to
compare its performance with a SISO system. As displayed
in Table 3 and Table 4, whether it is actual measurement or
simulation, the mean capacities of the 2x2 MIMO and 4 x4
MIMO systems are higher than that of the SISO system.

IV. CONCLUSION
The mm-wave MIMO channel measurement at 28 GHz by
using directional antennas was performed in a subway tunnel
in Nantong, China. In order to overcome the high attenuation
at the mm-wave frequency band, the high gain directional
pyramidal horn antenna was used in the measurements. Two
polarization configurations (VV, HH) were considered in
these measurements. In summary this study concludes as
follows:

eThe simulation results of mean MIMO capacity is lower
than the measurements because of more scatters in measure-
ment environment that cause strong reflection which simula-
tion can’t totally simulate.

eIn a subway tunnel, the capacity of HH is higher than the
VYV for a constant SNR either in measurement or simulation.

Therefore, for mm-wave MIMO in tunnel, HH is a better
polarization configuration for the future mm-wave MIMO
communication systems in subway tunnels.
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