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Abstract—Massive multiple-input multiple-output (MIMO) is
perceived as an important technology for the fifth generation
(5G) wireless communication networks because it employs large-
scale antenna arrays to increase the network capacity, spatial
characteristics, and throughput. For suburban line-of-sight (LoS)
and non-line-of-sight (NLoS) environments, we investigate the
angular spread of azimuth angle of departure (AoD), elevation
angle of departure (EoD), azimuth angle of arrival (AoA),
elevation angle of arrival (EoA), and channel condition number
of the co-polarized and cross-polarized antenna systems. The
study is based on the measurements conducted at the 3.5 GHz
carrier frequency, 160 MHz bandwidth, and 32×64 cylindrical
and planar antenna arrays. The Bartlett algorithm is used
to jointly approximate the AoD, EoD, AoA, and EoA of the
massive MIMO propagation channel. Results demonstrate that
the MIMO channel characteristics show dependence with the
antenna polarization combinations and angular spread drops
rapidly as the distance between transmitter (Tx) and receiver
(Rx) increases. Moreover, it is found that the co-polarized
massive MIMO channel has a lower condition number and a
higher capability to improve the system performance than the
cross-polarized channels. The given results are extremely useful
for antenna selection and analyzing the polarization-dependent
massive MIMO system design.

Index Terms—Multiple-input multiple-output system, Bartlett
algorithm, delay spread, LTE systems, angular spread, and
condition number.

I. Introduction

Due to the few shortcomings of wireless local area net-
works in communication-based train control systems, the long-
term evolution for metro (LTE-M) technology is known as
the reliable communication solution for modern urban rail
environments [1]. Rail transport systems have incorporated the
5G mobile communication based advance technologies, such
as massive MIMO, to accommodate the high data rate require-
ments [2]. For the design of wireless communication systems
and transmission technologies, it is required to investigate the
propagation attributes of signals in various environments and
to develop advanced wireless channel models [3]. As a result,
the operators must need to investigate different propagation
characteristics of 5G frequency bands (above 2 GHz) in the
subway environment to establish advanced communication
technologies and network architectures. The pioneering study

[4] demonstrates that the multiple reflections and diffractions
on the subway tunnel walls and shifts in the cross-sectional
area result in a rather high diversity of the MIMO channel
in subway tunnel scenario. Acknowledging the modal theory
[5], the subway tunnel can be seen as a lossy waveguide,
where the sum of active modes drops very quickly as the
transceiver distance rises, limiting the degree of freedom (DoF)
of the channel matrix in massive MIMO systems. However,
when compared to a single-input single-output (SISO) channel,
the channel capacity improvement is unusual. Based on the
measurement campaign in the tunnel environment, the impact
of space diversity, cross section, and polarization diversity
of rectangular tunnel on the MIMO channel performance is
studied in [6], which delivers solution for the optimal design of
massive MIMO system in the tunnel environment. According
to [7], a wideband SISO and 16 x 16 virtual MIMO testing
campaign is considered in a two-dimensional 100 m long
tunnel at a carrier frequency of 1.4725 GHz. The ray tracing
method is used to explain the path loss, PDP, and RMS-DS
characteristics, further it is revealed that the increment in the
tunnel cross-section enhances the MIMO channel throughput.

In [8], the initial keyhole measurement campaign was
implemented in the train-to-ground (T2G) communication
environment, and it was revealed that the keyhole effect has
a limited impact on the tunnel cross section and different
polarization combinations. Bartlett’s algorithm is one of the
important angle of arrival (AoA) assessment technique and
it provides each antenna element with an identical weighting
to generate the steering vector in the desired direction [9].
This algorithm improves the antenna array radiations in the
direction of arrival (DoA) by arranging the propagation delay
of an incident signal, but the sources were propagating in other
directions and the noise was not well handled. This algorithm
gives poor assessment resolution, which relies basically on the
size and structure of the antenna array. However, expanding
the aperture structure leads to computational complexity incre-
ment and hardware issues. In [10], the Bartlett technique was
considered to enhance the angular resolution of automobile
radar system with a minimal number of antenna components
by using linearly anticipated array expansion. In [11], the ray
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tracing approach is used in the tunnel environment to predict
radio signal propagation in the ultra-high-frequency band for
vertical and horizontal polarized antenna arrays. It is revealed
that within the subway tunnel, the high order power levels
would be acquired if the horizontally polarized antennas are
used, which is basically due to the variations in the reflection
coefficients from the tunnel wall, especially in the segments
where there exist no curvature part of the tunnel. Furthermore,
the GSMA WRC Series specifications, such as 3.5 GHz,
must be followed while configuring the 5G massive MIMO
radio channels. However, the literature provides several studies
on traditional MIMO systems, but many of these studies
are lacking real-time tunnel characteristics and experimental
recognition of the functional antenna placement. Therefore,
more characterization of the massive MIMO channels is
required from theory to practical applications in the tunnel
environment.

In this paper, we study the massive MIMO channel spatial
characteristics such as AoD, EoD, AoA, and EoA in both
direct (LoS) and reflected (NLoS) scenarios by utilizing the
horizontally and vertically polarized transceiver antenna ar-
rays. To investigate the channel response over the apertures of
the transmitter and receiver antenna arrays, we split the 32×64
sub-channels into two different polarization combinations such
as co-polarized and cross-polarized. Furthermore, we estimate
the power angular spectrum (PAS) by using the Bartlett
beamforming technique and the channel condition number to
estimate the capability of improving the channel capacity of
massive MIMO radio channel. The major objective of this
study is to figure out what polarimetric and geometrical ele-
ments might cause channel response variations in the presence
of large-scale antenna arrays. The given results may be useful
to create adaptive algorithms for adjusting array configurations
to improve the system performance and channel capacity.

The remainder of this paper is structured in the following
manner. To estimate the angular spread, Sect. II introduces
the Bartlett beamforming method, measuring environment, and
channel sounding. Sect. III presents the results and discussion.
Finally, the conclusions are presented in Sect. IV.

II. Theoretical Analysis andMeasurement Configuration
A. Bartlett Algorithm

To begin, the Bartlett beamforming technique is used to
estimate the PAS from the original CIRs’ received from mea-
surements, i.e., direction-of-departure (DoD) and direction-
of-arrival (DoA). The use of given algorithm is predicated
on the supposition that the channel array response, also
known as the steering vector s(θ, ϕ) which is determined
in azimuth and elevation directions, is already known. The
Bartlett beamforming algorithm is usually known as a Fourier
spectrum analyzing approach. The aim is to discover the
weighting vector w that maximizes the power of the received
signals. The m-th order cylinderical antenna array elements can
receive signals from the multiple spatially distributed users.
Moreover, the received power is including both LoS path
and reflected (NLoS) signals, which are apparently coming

from various directions and arrival angles. Assume that the
steering vector of the transmitted signals x1(t) from DoA is
s(θ, ϕ) =

[
1, s1(θ, ϕ), s2(θ, ϕ), . . . sm−1(θ, ϕ)

]T , where the phase
shift and amplitude gain of a signal from the (ith+1) antenna
number is denoted by si(θ, ϕ), and (∗)T represents the transpose
operator. For a uniform cylinderical array with m-th order
elements and a radius ρ, the steering vector is formulated as

s(θ, ϕ) =

[
e jβρ sin(θ) cos(ϕ− 2π

m ), . . . , e jβρ sin(θ) cos
(
ϕ− (m−1)×2π

m

)]T
(1)

where β = 2π/λ represents the wave number. Moreover, the
arrays’ signal vector may be represented as:

y(t) = s(θ, ϕ)x1(t) + n(t) (2)

where n(t) represents the noise. Moreover, if there exist K
sources with the same time slot and frequency, the received
signals can be given as:

y(t) =

K∑
k=1

s(θ, ϕ)xk(t) + n(t) (3)

Assuming that the received signal from azimuth direction, the
output of Bartlett array can be measured as follows:

max
w

E
{
wHy(t)yH(t)w

}
= max

w
E

{
x(t)|2

∣∣∣wHx(θ, ϕ)
∣∣∣2 + σ2|w|2

}
(4)

where σ2 represents the variance of a noise power and (∗)H

specifies the Hermitian transpose of the given vector. The
significant solution of the Eq.1 can be written as:

wB =
s(θ, ϕ)√

s(θ, ϕ)H s(θ, ϕ)
(5)

where s(θ, ϕ) is a normalized vector, the weighting vector of
Bartlett algorithm becomes:

wB = s(θ, ϕ)

This indicates that the weighting vector is identical to the
spatial signature of the incident wave. The ultimate expressions
for computing the PAS are only given here. Further informa-
tion about the Bartlett algorithm can be acquired in [12]. The
PAS of a considered s(θ, φ) may be calculated as

P(θ, ϕ) =
s(θ, ϕ)HRxxs(θ, ϕ)

s(θ, ϕ)H s(θ, ϕ)
(6)

where Rxx represents received signals covariance matrix and
it can be estimated as

Rxx =
1

N × M

Q∑
q=1

vec[Y(q)] vec[Y(q)]H (7)

where Y(q) ∈ CN×M represents the received signals at the
q−th delay-bin, vec[.] shows the linear transformation operator
which converts the matrix columns into a single column
vector by following a sequential manner, M and N represent
the number of receiver and transmitter antenna elements,
respectively. If s(θ, ϕ) is the normalized vector, then the total
PAS can be written as:

P(θ, ϕ) = s(θ, ϕ)HRxxs(θ, ϕ) (8)

163

Authorized licensed use limited to: SHENZHEN UNIVERSITY. Downloaded on February 11,2022 at 15:08:44 UTC from IEEE Xplore.  Restrictions apply. 



TABLE I
MEASUREMENT PARAMETERS

Parameters Description
Frequency 3.5 GHz

Transmitted Power 20 dBm

Polarization Horizontal/Vertical

Bandwidth 160 MHz

Antenna Structure Uniform Rectangular Array (Tx) / Uniform Cylinderical Array (Rx)

Tx/Rx Antennas Height 1.8 m/2.7 m

Total Distance for Measurements 500 m

SNR 20 dB
Tunnel Dimension 5.56 m (width)/5 m (height)/800 m (length)

Number of Sampling Locations 91

Fig. 1. Measurement scenario, (a) Tunnel cross-sectional area, (b) Measure-
ment campaign conducted in real tunnel environment.

The following is the mathematical relationship for calculating
the angular spread (AS) in [13]:

θ̄ =

∑N
i=1 Piθi

P
(9)

θAS =

√∑N
i=1 Pi

(
θi − θ̄

)2

P
(10)

where P is the total received power at given measurement
location, θi and Pi are the direction of departure/arrival and
power of the i − th path.

B. Measurement Environment and Setup Configuration

The metro Line 7 in Shanghai, P.R. China, is considered to
perform measurement campaign between University Station
and QiHua Rd. The tunnel has an arched cross section with
a radius of 2.78 m, a bottom width of 3.4 m, and a height
of 5 m (see Fig. 1(a)). The tunnel walls are reinforced with
a concrete. The subway tunnel is separated into two distinct
parts. The first is a 28.1 m long platform with the 5.55 m
high rectangle-shaped cross-section. The other part is made
up of non-platform components with a height of 4.96 m and
arched cross sectional area. The longest distance between the
transmitting and receiving antenna arrays in our wideband

Fig. 2. Antenna array structure used for the measurements: (a) Tx with
rectangular array structure of 32 elements, (b) Rx with cylindrical array
structure of 64 elements.

measurements is 800 m, however due to the subway’s busy
schedule, we are only able to measure the first 500 m. Within
this 500 m long distance, total 91 different measurement
locations are considered, whereas the initial 83 locations are
equally separated from 10 m to 420 m with a uniform intervals
of 5 m and the next 8 locations are separated by 10 m. The
Tx antenna array is placed near to the tunnel wall to perform
our measurement campaign and the Fig.1(b) depicts the inside
view of the real subway tunnel. The access point receiver
is mounted on a trolley that is traveling down the subway
tunnel’s central rail. The platform is 1.3 m high from the
ground level, and the Tx is 1.8 m high from the platform level.
By expanding the receiver height to 2.7 m, we minimized the
impact of people executing the measurement campaign on the
radio signal propagation.

For wideband channel measurements, the pseudo-noise se-
quence correlation technique (PN) is used. By using a Binary
Phase Shift Keying (BPSK) property at the 3.5 GHz carrier
frequency, a PN sequence is modulated with a 160 MHz
bandwidth and 1023 chips length. To gather data in parallel,
the receiver is splitted into 8 sub-channels. The transmitting
and receiving antenna arrays structures are shown in Figs. 2(a)
and 2(b). The received signal-to-noise ratio (SNR) is improved
by using an amplifier. It should be noted, the static channel
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TABLE II
ANGULAR SPREAD STATISTICAL PARAMETERS OF CO-POLARIZED AND CROSS-POLARIZED ANTENNA ARRAYS

Co-Polarized Cross-Polarized
Mean (◦) Standard Deviation (◦) Maximum (◦) Mean (◦) Standard Deviation (◦) Maximum (◦)

ASD 7.78 10.92 68.06 4.69 9.50 64.73
ESD 2.21 2.69 16.35 4.25 3.67 16.76
ASA 5.14 4.37 23.88 7.06 3.89 18.71
ESA 6.07 2.83 12.42 5.45 2.33 11.66

calibration of 2048 (32×64) sub-channels may be performed
in 20 ms, and each Rx position receives 128 cycles of
measurement data. For the channel measurements, a massive
MIMO channel sounder system is utilized. A rubidium clock
is utilized to keep transmitting and receiving antenna arrays
synchronized, and the total transmitted power is 20 dBm.
On the Tx side, a rectangular antenna patch array (2×8) is
placed. The uniform cylindrical antenna arrays on the receiv-
ing side is divided into eight parts, each with four vertically
aligned antenna patches. For each cycle of channel sounding,
64 switching repetitions are performed at the Tx side to
accomplish sequential switching. During a single transmission,
data from eight different received channels may be acquired
simultaneously on the Rx side, requiring only eight instances
of switching to fulfill 64 receiving channels. For the initial
100 m (LoS route), the tunnel is straight, then curved for the
leftover 700 m (NLoS path). On both the Tx and Rx sides,
the antennas with directional patch arrays are considered for
the channel measurements. The 3 dB beamwidth of antenna
elements in the vertically and horizontally planes is 100◦

and 120◦, respectively. All the multipath elements can be
precisely separated in the tunnel scenario. The antenna patches
in this system are separated by 0.5 λ, and each antenna pair
consists of two co-located bi-polarized antennas (vertical and
horizontal). Both antenna patches have two components, each
with a polarization angle of ±45◦. TABLE I contains an
overview of the main measurement parameters.

III. Results and Analysis

The Power Delay Profile (PDP) describes how much power
arrives at the receiver side with a certain delay [14], and may
be calculated as P(τ) from the complex impulse responses
h(τ). The PDP for the channels between the transceiver
antennas is established by considering different polarization
combinations and indexes are defined at certain delays (τ). By
averaging the PDP statistics over the transceiver interface, the
interference of small scale fading with the effective signal mul-
tipaths can be minimized. The PDP of the 32×64 measurement
channels is shown in Fig. 3. From Fig. 3, we can distinguish
between different power levels of sub-channels. The multipath
components in PDP decay rapidly with time at 3.5 GHz. The
excess delay ranges from 0 µs to 6.394 µs, with a fading
range of [-44, 0] dB. For all channels, the power peaks occur
between 2.385 µs to 4.479 µs delay. Some extra small peaks
can be seen, which we believe are generated by the calibrated
clock signals which are reflected from the ports. At low Tx-Rx
distances, many propagation modes are activated. At a greater

Fig. 3. The PDP of 32x64 massive MIMO sub-channels in tunnel environ-
ment.

distance, especially in the case of NLoS propagation scenario,
model attenuation of high order becomes critical, and only the
low order main model is retained. Thus, the reflected environ-
ment delay spread is rather constant and changes slowly. A
path loss exponent of low order is established in the tunnel
at given frequency band, but the subway tunnel still shows
the waveguide phenomena. Furthermore, because the signal
wavelength is shorter, it generates specular reflections, which
further amplifies the waveguide effect in the given tunnel for
high order frequency signals. When the tunnel sidewall blocks
the multipath components, the waveguide effect is substan-
tially diminished. Analyzing these propagation characteristics
can assist in better understanding of the imbalanced channel
properties.

The AS of co-polarized and cross-polarized transceiver
antennas is calculated using the Bartlett method. It should be
noticed that co-polarized antenna system can be demonstrated
when both the transmitting and receiving antenna arrays are
horizontally polarized and cross-polarized means when trans-
mitting antenna array is horizontally polarized and receiving
antenna array is vertically polarized. In Fig.4, ASD, ESD,
ASA, and ESA are the AS of the azimuth angle of departure
(AoD), the elevation angle of departure (EoD), the azimuth
angle of arrival (AoA), and the elevation angle of arrival
(EoA) for each receiving antenna location. Table II shows
the AS statistical characteristics of co-polarized and cross-
polarized transceiver antenna arrays. It can be observed that
the angular spread drops very quickly as the distance between
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TABLE III
STATISTICS OF CONDITION NUMBER

Poalrization 15 % [ns] 40 % [ns] 85 % [ns] Mean [ns] Standard Deviation [ns]
Co-Polarized 36.87 42.33 48.77 43.62 5.77

Cross-Polarized 40.09 46.61 54.69 47.28 6.71

Fig. 4. Angular spread of co-polarized and cross-polarized antenna arrays
at different locations for (a) ASA, (b) ESA, (c) ASD, and (d) ESD.

transmitting and receiving antennas increases. The ASA and
ESD of co-polarized and cross-polarized antennas are found
to be within 25◦ range. When the transceiver distance is
between 180 m to 470 m, the ESD of cross-polarized is
higher than that of co-polarized antenna arrays. This is due
to the multipath components which are reflected many times
in the curved part of the tunnel before arriving at the Rx,
resulting in a rise of angular spread value. The ESD and ESA
of cross-polarized and co-polarized are all within 17◦. When
the transceiver distance is less than 100 m, both co-polarized
and cross-polarized ASA and ASD drop monotonously, where
co-polarized antenna values are found smaller than the cross-
polarized case. When the distance between the transmitter
and the receiver is more than 100 m, the ESD and ESA of
cross-polarized and co-polarized signals eventually become the
same. They are practically the same until the transceiver dis-
tance reaches up to 180 m. It can be observed that the tunnel’s
curvature radius has a greater impact on the angular spread of
azimuth angle than on the angular spread of elevation angle.
Moreover, the reconstructed PAS using Bartlett approach for
ASA and ESA at 100 m and 500 m distances for co-polarized
and cross-polarized antenna arrays is shown in Fig.5. In the
cross-polarization case, as shown in Fig.5, the PAS reproduces
two main beams at 60◦ elevation and azimuths of −93◦ and
−45◦ at 100 m and 500 m, respectively.

Fig. 5. Power angular spread of ASA and ESA at (a) 100 m for co-polarized
antenna arrays, (b) 500 m for co-polarized antenna arrays, (c) 100 m for cross-
polarized antenna arrays, and (d) 500 m for cross-polarized antenna arrays.

We use the condition number (CN) as a measure of massive
MIMO system to ensure that the expected system can conceive
32×64 MIMO channel measurements. The mathematical rela-
tionship of the condition number is given by [15]

γ = 20 log 10(λ1/λ2) (11)

where λ1and λ2 are the highest and lowest eigenvalues of the
MIMO channel matrix. A matrix with a low CN is regarded
as a well-conditioned matrix, implying that the channel is in
great capacity escalation shape. As a result, the value of CN
may be used to check the channel characteristics. Because the
coherent bandwidth of the channel is lower than the LTE-M
signal bandwidth, we used wideband channel assumptions for
the calibrations. The CN of co-polarized and cross-polarized
transmitting and receiving antennas at various locations is
shown in Fig.6(a). Moreover, the cumulative distribution func-
tion (CDF) of the condition number is shown in Fig.6(b). From
Fig.6, it is clear that co-polarized system has lower condition
number, so it has higher tendency to increase the system output
than the cross-polarized antenna arrays. The cross-polarization
coefficient increases in accordance to the incidence angle.
However, the Brewster angle of the co-polarization coefficients
specifies that they are always lesser than the cross-polarization
coefficients. The incident ray at the tunnel ground and ceiling
is perceived as horizontally polarized for co-polarized signals,
whereas vertical polarization is detected at the tunnel side
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Fig. 6. The CN values for Co-Polarized and Cross-Polarized antenna arrays
(a) at different receiving locations, (b) CDF of condition number.

walls. The inverse case is envisioned for the cross-polarized
transmissions. By considering the reflection coefficients, the
power of reflected rays from the tunnel walls is observed
higher for co-polarization than the cross-polarization. Due
to the tunnel width which is higher than the tunnel height,
therefore the reflected signals from the tunnel side walls have
a higher AoA than those with the tunnel ceiling and ground.
Thus, the co-polarized signals have greater angular spread and
a lower channel condition number than cross-polarized signals.
The statistical results of co-polarized and cross-polarized an-
tenna arrays for channel condition number are summarized in
Table.III. The proposed study is quite useful to establish the
optimal system design based on antenna placement and tunnel
geometry influence on system performance. As a result, this
article presents a prospective approach for LTE system design
by considering the deployment of massive MIMO antenna
structure in the tunnel environment.

IV. Conclusion

In this paper, a 32×64 massive-MIMO channel measure-
ment campaign is introduced, which has been conducted in an
indoor subway environment at the 3.5 GHz carrier frequency
and the bandwidth of 160 MHz. We investigated the channel
parameters such as power delay profile, angular spread of
AoA, EoA, AoD, EoD, and the condition number in both LoS
and NLoS situations for both the co- and cross-polarizations
using the Bartlett method. The results demonstrate that the
antenna configurations and polarization types have a large
impact on the channel characteristics. When different antenna
polarizations are used on the transmitting and receiving anten-
na sides, the arrival and departure angular properties (angular
spread) are changed prominently. The condition number of
co-polarization is found to be smaller than that of cross-
polarization, which represents its ability to improve the chan-
nel capacity. Collectively, these findings offer guidance on the
modeling of massive MIMO channel in indoor environments
and will be helpful in designing of future LTE networks.

For future work, it would be useful to learn about diffrac-
tion and surface roughness impact on channel modeling. In

addition, future research might cover the effects of diffraction
and reflection on the radiated field, geometric-based stochastic
modeling, as well as interference between antennas in massive
MIMO systems.
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