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ABSTRACT In this paper, a comparative analysis between concentrated and distributed massive multiple-
input multiple-output channels (C-mMIMO and D-mMIMO respectively), in an indoor environment using
ray-tracing (RT) in the 26 GHz band is presented. The comparison is carried out in a realistic scenario
consisting of a floor of a large building. The simulations emulated the up-link channel in an indoor cell
in the framework of a time division duplex (TDD) - orthogonal frequency division multiplexing (TDD-
OFDM) system. Both base stations, concentrated and distributed, were equipped with an array consisting of
100 antennas, and the maximum number of 20 simultaneously active users is considered. The channels are
simulated using a well-tested and rigorous RT software. Using RT channel modeling, this work characterizes
the up-link channels with both technologies, estimating the coherence bandwidth of the channels and
analyzing the achievable capacity, assuming perfect channel state information (CSI). The results show
that the D-mMIMO channel outperforms the C-mMIMO one from the point of view of their behavior in

broadband as well as in terms of the obtainable capacity.

INDEX TERMS 5G mobile systems, channel capacity, coherence bandwidth, massive MIMO.

I. INTRODUCTION

The use of multiple transmitting and receiving antennas,
multiple-input multiple-output (MIMO), has been a revolu-
tionary technology for increasing channel capacity. The first
versions of this technology focused on point-to-point com-
munications (PtP MIMO) considering Q transmitter antennas
and M receiver antennas. These types of channels require
both a relatively high signal to noise ratio (SNR) and orthog-
onality between sub-channels in order to make the most of
the capacity gain by spatial multiplexing. One technique to
compensate for the low SNR levels that can occur at the edges
of the coverage area or due to obstacles inside buildings is the
use of a greater number of antennas. Moreover, the orthogo-
nality between channels can be improved by separating the
antennas that make up the array. In both cases, expanding the
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physical size of the array is a limitation, especially from the
point of view of the user terminal (UT).

Multiuser MIMO (Mu-MIMO) introduced a different
approach to using multiple spatially separated antennas at one
end of the link. One of the antenna arrays is divided into Q
independent antennas, where each antenna is assigned to each
UT. In this approach, although the UTs do not collaborate
with each other, they do allow the orthogonality between
the channels to increase, thanks to the fact that the UTSs are
separated by several wavelengths. Furthermore, by apply-
ing beamforming techniques at the base station (BS) side,
Mu-MIMO technology allows communication with multiple
users simultaneously. The handicap of Mu-MIMO is that
Q is of the order of M, along with the fact that the fre-
quency division duplex (FDD) mode used is not a scalable
technology [1].

A characteristic of MIMO channels is that the capacity
of the channel increases with the number of antennas. The
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very large MIMO or massive MIMO (mMIMO) technology
exploits this idea on a much greater scale than Mu-MIMO,
incorporating tens or hundreds of antenna elements at the
BS so that M > Q. This way, the BS can serve tens of
UTs simultaneously using time division duplex (TDD) mode.
Thus, the advantages of mMIMO are clear: it increases capac-
ity through the spatial multiplexing and improves the radiated
energy efficiency with a better beamforming resolution [1].
For these reasons, mMIMO is a crucial feature for the next
generation mobile communication systems [1], [2].

The increase in spectral efficiency in mMIMO technology
requires an increase in the number of antennas. However, the
growth in the number of array elements, with a minimum sep-
aration between them of the order of a wavelength, has impor-
tant physical limitations, both when building the array and
its radio frequency network, and when physically installing
them [3]. The use of extremely large aperture arrays (ELAA)
is a promising technology that can overcome this limita-
tion [3]. Unlike traditional concentrated massive MIMO base
stations (C-mMIMO), this technology distributes a large
number of antennas over an extensive area, conforming a dis-
tributed base station. This way, the whole set of BS antennas
surrounds each user terminal, rather than having the UTs sur-
rounding the BS, as occurs in the classical cellular concept.
This technology joins the idea of distributed MIMO [4]-[6]
and cell free networks [7]-[10] with the mMIMO concept,
giving rise to the concept of distributed massive MIMO
(D-mMIMO) [11]-[16]. Another advantage of D-mMIMO is
that it ensures a uniformly good service everywhere for all
the UTs [1] in comparison with the C-mMIMO where the
UTs located at the edge of the cell experience, with a high
probability, a worse service [17], [18].

The development and deployment of high data rate com-
munication systems like 5G and beyond, requires accurate
modeling of the propagation radio channel. For this reason,
mMIMO channel modeling has attracted the attention of
researchers in recent years, either by expanding the existing
ones or by proposing new channel models [19]-[21]. The
D-mMIMO channel is characterized by very different scales
of fading and shadowing, which are produced in the radio
channels between each UT and the spatially distributed BS
array elements, which is a challenge in the characterization
and modeling of the radio channel.

Ray-tracing (RT) is a site-specific channel model that
uses high-frequency approaches to Maxwell’s equations to
characterize radio propagation in the frequency bands of
current wireless systems. The RT method is well suited
for the development and subsequent deployment of systems
based on mMIMO technology [22]-[24]. Thanks to the use
of site-specific models, RT can adequately model the non-
stationarity of the channel along the antenna elements of
the array or the orthogonality between columns in the chan-
nel matrix conditioned by the relative position of the active
users. In addition, it can provide other geometric informa-
tion, not easily acquired by measurements, such as the direc-
tion of arrival (DoA) and departure (DoD) of the multipath
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components. The authors have extensive experience in devel-
oping RT-based radio propagation simulators based on a full
three-dimensional implementation of geometrical optics and
the uniform theory of diffraction (3D GO/UTD) [25]-[29].
This software tool has been validated with measurement cam-
paigns for the development of wireless systems with single-
input single-output (SISO) channels [25]-[28], PtP 2 x 2
MIMO channels [30] and mMIMO channels [31].

In the literature, we can find different research works
that carry out, by means of RT, a characterization of the
C-mMIMO [32]-[35] and D-mMIMO [36] channel. Com-
parative studies of both channels focus, in general, on urban
environments [37]-[39]. In fact, there are few publications
that analyze D-mMIMO channels in indoor environments
[40] and, to our best knowledge, none in medium/large indoor
environments.

This work presents a comparative analysis of the per-
formance of D-mMIMO and C-mMIMO channels in a
medium/large indoor environment. In both cases, we have
considered 100 antenna elements at the BS array and up to
20 simultaneously active UTs. This ratio between the number
of antennas at the BS and the maximum number of UTs
can be considered reasonable in indoor environments [41],
[42]. Using RT channel modeling, this work characterizes
the up-link (UL) channel with both technologies, estimating
the coherence bandwidth (B¢) of the channel, a fundamental
parameter for analyzing the obtainable spectral efficiency,
since it determines the length in the frequency domain of
the coherence block [43]. In addition, the achievable channel
capacity is also investigated, assuming for both mMIMO
systems a perfect channel state information (CSI). The main
objective is to compare C-mMIMO versus D-mMIMO chan-
nels in terms of the intrinsic structure of the channel, i.e.,
to analyze to what extent the channels fulfill more closely
the favorable propagation condition, avoiding the effect of the
power imbalance between the different UTs.

The rest of the paper is organized as follows. In section II,
we briefly introduce the RT methodology, applied to
obtain the channel transfer function and characterize the
mMIMO channel. Section III describes the indoor envi-
ronment analyzed, its geometric and electromagnetic mod-
eling and the configuration for both types of mMIMO
sytems. In section IV, we present and analyze the results
obtained from the RT simulations, comparing C-mMIMO and
D-mMIMO in terms of wideband channel characterization
and channel capacity. Finally, section V summarizes the main
conclusions that can be drawn from this work.

Il. RAY-TRACING AND CHANNEL MODEL

Ray-tracing techniques based on 3D GO/UTD models can be
considered a powerful and useful tool for calculating signal
levels in specific radio propagation environments [25]-[27].
The radio propagation process can be represented as a
set of scattering mechanisms that contribute to electromag-
netic fields, such as attenuation, transmission, reflection and
diffraction. Each of these mechanisms has an associated ray,
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and the coupling between both transmitter and receiver anten-
nas is obtained by the contribution of different rays, such
as direct field, multiple reflections, single and double edge
diffraction, along with combinations of diffraction-reflection
and reflection-diffraction. The effect of the number of contri-
butions included in the propagation can be quantified by the
mean error and the standard deviation of errors [26], [27]. The
use of the binary space partitioning (BSP) algorithm to imple-
ment an efficient technique that minimizes the computational
cost is highly recommended.

The 3D GO/UTD model rigorously takes into account the
orientation and radiation pattern of the transmit and receive
antennas, as well as the polarization of the signals. The appli-
cation of a ray approach to the analysis of the radio propaga-
tion process is based on the assumption of a geometrical and
electromagnetic model of the environment.

A model constructed with flat facets to represent urban and
indoor scenarios is highly suitable if we add some electrical
parameters such as the relative dielectric constant, conduc-
tivity, the standard deviation of the surface roughness and the
transmission coefficient or the wall width. The materials, and
thus their electrical properties, considered to model the obsta-
cles must be chosen in accordance with the real environment
under study. Most common materials include limestone to
model external walls, brick for the internal walls, wood for
the doors, glass for the windows and a perfect conductor for
the metallic doors.

The 3D-GO/UTD propagation model enables not only the
exact estimation of the mean power value of an area of inter-
est, but also the detailed characterization of the radio channel
in local environments. By means of RT, a statistical charac-
terization of the channel can be obtained both in broadband
and in narrowband, estimating parameters that are crucial and
of interest in wireless systems, such as the crossing rate per
level and the mean duration of the fadings, or the mean square
delay and the coherence bandwidth of the channel [26]-[28].
Information concerning the DoA and DoD of the receiver and
transmitter signal, respectively is also provided to the user.
This fact allows the estimation of the correlation matrix for
point-to-point MIMO channels and the channel capacity in
specific indoor environments [30].

From the RT results, the impulse response of the channel
can be easily obtained as:

N

FOEDBETICESD M

i=1

where N is the number of rays connecting transmitter and
receiver antennas, g; is the complex voltage induced on the
antenna by each ray and t; represents the arrival time of that
ray. The channel transfer function is calculated as the Fourier
transform of the impulse response as:
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The power delay profile can be easily obtained from the
impulse response of the channel, i.e., P(t) = |h(r)|2. In the
frequency domain, the channel can be characterized using the
autocorrelation function, which is calculated as the Fourier
transform of the power delay profile. Finally, a relevant
broadband parameter, the channel coherence bandwidth, B¢,
can be obtained as the frequency range from which the nor-
malized autocorrelation function falls below a certain value
[31], [43], [44].

Concerning the calculation of the channel capacity for
a massive OFDM-MIMO system and concentrating on the
UL, let us consider a unique cell system in which the BS
is equipped with M antennas and there are a maximum
number Q of active UTs, each one equipped with a single
antenna [45]. Furthermore, several assumptions have been
considered:

o The users transmit a total power P, the BS knows the
channel, the UTs are not collaborating among each other
and the OFDM system works with Ny sub-carriers.

o SNR is the mean signal to noise ratio at the receiver.

o GJk] is the channel matrix of order M x Q.

« s[k]is acolumn vector with Q elements representing the
signals transmitted from the UTs and normalized so that
E{l|s|*} =1

o n[k] is a complex Gaussian noise vector with i.i.d. unit
variance elements.

The signal received at the BS for the k-th sub-carrier when

the number of UTs is Q, is a column vector with M elements
obtained as:

ylkl = vSNRG k] s[k]+n[k]; k=1,2,...,Nr (3)

The matrix G is normalized to verify:

E{IGIE} =m0 @
and is obtained from the raw channel simulations (G"") as:
GM><Q = GZZZQ JQ><Q (5)

in which J is a diagonal normalization matrix of order
QO x Q. Considering one of the normalization proposals pre-
sented in [46], the elements of J are given by:

j v 1 o (6)
.]q = 2 ; q = 9ttty
N ,
NLf Yl 82“”[“‘
where g;"w[k] represents the raw narrowband channel of the

g-th active UT, that is, the g-th column of the raw channel
matrix. The resulting normalized matrix, G, can be inter-
preted as that associated with a system in which an ideal
power control is performed, i.e., the power transmitted by the
UTs is not distributed equally but rather each UT is assigned
a power value so that all UTs reach the BS with the same
mean power [45]. In this case, it is interesting to notice that
the degradation of the channel capacity with regard to the
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C1-C8: Classrooms
E1-E3: Elevators
01-086: Offices

©

FIGURE 1. Details of the indoor environment (dimensions: 183 x 50 m). (a) Top view. (b) Hall of the building with a partial view of the main entrance
in the upper left side. (c) Corridor that leads to the entrance of the classrooms.

reference i.i.d. Rayleigh channel depends exclusively on the
orthogonality between the user sub-channels, and not on the
power imbalance.

Finally, from matrix G, the channel sum capacity can be
obtained in order to have a metric of the goodness of the
channel. Under the initial assumption that the BS knows
the channel, the sum-capacity of the mMIMO UL can be
calculated as:

0 SNR
Ck) = Zq:l log, (1 + o Aq) sk=1,2,....,Nr ()

in which A, represents the g-th eigenvalue of the GHG matrix,
i.e., the square of the g-th singular value of the G matrix.

The capacity of the UL channel, under favourable propa-
gation conditions, for a fixed number of transmitters Q, and
as the number of receiver antennas M increases will tend
asymptotically to the upper bound [2]:

M~SNR>
Q

Ill. ENVIRONMENT, MODELING AND SETTINGS

This section includes a description of the indoor scenario
considered as reference to compare the performance of both
mMIMO systems, including details of both the geometric
and electromagnetic properties of the 3D model created to

Cy=0-log, (1 + @®)
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accurately represent it. Furthermore, information regarding
the main settings considered in the simulations, including the
location of both transmitter (Tx) and receiver (Rx) antennas,
the type of antennas, their height above the ground, the
frequency band or the multipath contributions considered to
model the propagation using RT in the simulator tool, are also
summarized.

A. THE INDOOR ENVIRONMENT AND MODELING

The indoor environment considered in this work is shown in
Fig. 1(a), and corresponds to the main floor of a very large
and modern academic building at the University of Cantabria.
Some particular details are also included in Figs. 1(b)-(c) to
give the reader an idea of what the environment is like.

The environment houses teaching activities, including
classrooms along with administrative and service areas. Fur-
thermore, the semicircular shape of the building makes it a
complex and interesting environment from a channel charac-
terization point of view, making it possible to explore and mix
up different propagation conditions.

Regarding the materials of the building, floors and ceilings
are made of reinforced concrete, including ceiling boards,
both the partitions as well as the main walls are made of
brick; and it must be pointed out that the rear wall of the
classrooms facing outdoors is entirely glazed. According to
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FIGURE 2. 3D model of the environment considered in the channel simulator.

TABLE 1. Material properties.

Material 7 o(S/m) Use
Brick 391 0.0401 Walls
Concrete 5.24 0.5908 Floor & ceiling
Glass 6.31 0.2828 Rear walls of C1-C8
Metallic surface 1 le+7 Elevators E1-E3

such characteristics, the 3D geometric model developed and
used in the channel simulator is presented in Fig. 2, and
consists of 180 flat plates necessary to include the main
elements of the scenario. Bearing in mind the frequency band
and the potential influence of electrically large objects on the
ray-tracing results, the 3D model finally considered exhibits a
good balance between accuracy modeling and computational
cost.

Furthermore and concerning the electromagnetic proper-
ties of any plate within the model, material electrical proper-
ties such as the real part of the relative permittivity, 5, and
conductivity, o, must be appropriately set. In this work, these
parameters have been approximated using ITU frequency-
dependent expressions [47]:

n =af’ ©)
o =cf? (10)

where f is the center frequency of the band of interest in GHz,
i.e., 26 GHz, o is given in S/m, n’ is dimensionless and a, b,
c and d are constants used to characterize each material [47].

According to (9)-(10), Table 1 summarizes the material
properties considered in this work to complete the model for
the channel simulator, as well as their main use within the
model. These values are used to calculate the transmission
losses, the reflection coefficients, along with the diffraction
coefficients [25], [27].

Finally, in the RT based simulations, the contribution of
the direct and transmitted rays, up to the fourth reflected
rays, diffracted and double diffracted rays, along with both
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reflected-diffracted and diffracted-reflected rays, have been
considered as the coupling mechanisms between Tx and Rx.

B. C-mMIMO AND D-mMIMO SETTINGS
This work concentrates on the simulation and comparison of
both C-mMIMO and D-mMIMO systems, considering only
the UL and the 5G band n258 (26 GHz). Moreover, tak-
ing 26 GHz as the center frequency of the band, a bandwidth
of 500 MHz has been considered (25.75-26.25 GHz), using a
frequency sampling of 60 kHz, one of the subcarrier spacings
covered for the new radio (5G NR) frame structure [48].
With such a frequency spacing, 8334 frequency tones are
used to obtain the channel transfer function, i.e., H(f) in (2),
by applying the FFT to the channel impulse response, i.e.,
h(t) in (1), obtained with the RT channel simulator.
Concerning the distribution of the Tx or potential active
users, the 20 locations shown in Fig. 3(a) have been chosen,
showing an almost uniform distribution over the whole floor
of the building, and considering a height of the Tx antenna
above the ground, A7y, of 1.5 m, in order to mimic the terminal
of a user. Regarding the receiver side, 100 Rx locations
have been considered for both systems, arranged taking into
account the differences between C-mMIMO and D-mMIMO
configurations. Focusing on C-mMIMO, the 100 antenna
elements make up a uniform rectangular array (URA)
(10 x 10 elements in size) lying on the YZ plane, with its
center at a height, hg,, of 2.5 m above the floor, and with a
uniform inter-element separation of 0.536 X at 26 GHz. This
arrangement is shown in Fig. 3(a) labeled as Rx, and is placed
between the Hall and the start of the curved corridor.
Finally, for the D-mMIMO case, the Rx antennas have been
spread over the entire floor of the building, as depicted in
Fig. 3(b), and fixed closed to the ceiling, 20 cm below it, at a
height of 2.8 m above the ground. According to Fig. 3(b),
a total of 64 Rx locations (16 rows with 4 Rx antennas each
one) have been chosen on the right side of the environment
giving service to classrooms CI1-C8, as well as the main
corridor. The remaining Rx locations have been spread in
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FIGURE 3. Transmitters and receivers locations for C-mMIMO and D-mMIMO. (a) Distribution of the 20 Tx/users on the site. Details of both
location and orientation of the receiver array for the C-mMIMO case are included. (b) Distribution of the 100 Rx antennas for the D-mMIMO

situation.

such a way that both service areas, including offices O1-05,
and the hall of the building can be serviced.

Concerning the antennas used in the simulations, a A/2
dipole has been used on the Tx side (to emulate active users
in the UL) as well as on the Rx side for the C-mMIMO case.
For the D-mMIMO, on the Rx side the far-field pattern of an
omnidirectional ceiling mount antenna, the HG35805CUPR-
NF model from L-Com, has been reproduced and used in the
simulator.

The main settings considered in the simulations and out-
lined in this subsection for both C-mMIMO and D-mMIMO
configurations, are summarized in Table 2.

IV. RESULTS

The comparison between both mMIMO systems, i.e.,
C-mMIMO and D-mMIMO, has been carried out in the
indoor environment presented in the previous section. The
most representative results concerning the statistical distribu-
tion of relevant wideband parameters such as the coherence
bandwidth or the channel capacity, are included and discussed
in the following subsections.

A. FREQUENCY SELECTIVITY

Broadband communication systems, in general, are strongly
influenced by frequency selectivity. For the mMIMO sys-
tems, in the framework TDD-OFDM, channel access meth-
ods and the design of scheduling strategies depend on the
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TABLE 2. Summary of C-mMIMO and D-mMIMO configuration.

Parameter C-mMIMO D-mMIMO
Band n258 (26 GHz)
Frequency = Bandwidth 500 MHz
Spacing 60 kHz
Elements 100
higy (M) 2.5 (center) 2.8
Rx array
Ay (L) 0.536 NA
Az () 0.536 NA
Tx /2 dipole
Antenna
Rx /2 dipole HG35805CUPR-NF
Average SNR at Rx 10 dB

frequency and time duration of the coherence blocks (ChB),
as discussed in the introduction [43]. The coherence band-
width presented by the sub-channels that are established
between each UT and the various antennas of the BS, whether
in the concentrated or distributed case, depends on the prop-
agation environment and the relative position between the
antennas of the UT and each antenna of the array that makes
up the BS. Obviously, this channel parameter is highly vari-
able and must be described statistically. In this subsection,
we make a comparison of the C-mMIMO and D-mMIMO
channels in terms of the representative values and statistics

VOLUME 10, 2022



J. R. Pérez et al.: A Comparison Between Concentrated and Distributed Massive MIMO Channels

IEEE Access

TABLE 3. Coherence bandwidth values for 10% and 50% outage and 50,
70 and 90% correlation levels. The 20 Tx have been considered. Values
expressed in MHz.

Be (50%) Be (70%) Be (90%)
10%  50%  10%  50%  10%  50%

C-mMIMO 607 5095 229 2336 1.07 498

D-mMIMO 455 2402 290 887 143  3.08

System

of the coherence bandwidth of the channel. As already men-
tioned in section II, the B¢ is obtained for each sub-channel
as the frequency lag in which the normalized autocorrelation
function decays below certain levels, typically 0.5, 0.7 and
0.9 are considered [43].

In Fig. 4, the CDF of the coherence bandwidth values
obtained when considering the whole set of 20 active Tx and
comparing both mMIMO channels for 50%, 70% and 90%
correlation levels, are presented. From the results, it can be
inferred that for the three correlation levels both CDFs present
a similar behavior. The fact that the B¢ values converge for
the D-mMIMO and C-mMIMO systems in the lower tail of
the CDF becomes relevant. Furthermore, the convex shape
of the CDFs indicates a significant dispersion of the values,
as we will analyze in detail below. Finally, the results of
the coherence bandwidth values achieved are also valid for
the down-link due to the reciprocity of the channels in the
framework of TDD.

In Table 3, some significant statistical values are presented,
such as the values of the B¢ for 10% and 50% outages, i.e.,
the median value for the 50% particular case. It can be seen
that the median value is higher for the C-mMIMO system for
the three correlation levels considered. However, in the case
of Bc(70%) and Bc(90%) for a 10% outage the values are
slightly higher for the D-mMIMO channel.

In order to analyze the variability of the B¢ in more
detail, Figs. 5-6 present box plots for both C-mMIMO and
D-mMIMO channels, respectively. In this case, the B¢ values
of the channels that are established between each one of the
20 UTs and the 100 BS antennas are represented. In each box,
the central mark indicates the median, and the bottom and
top edges of the box indicate the 25th and 75th percentiles,
respectively. Outside of the box fall the remaining 50 UT-Rx
channels. First of all, it is clearly observed that there is a
greater dispersion of values for all the UTs in the case of
the D-mMIMO channel when compared to the C-mMIMO
one. This is reasonable because in the case of the C-mMIMO
system each UT sees the BS antennas over a relative small
angular range. This implies that the sub-channels that make
up the MIMO matrix have a greater similarity than in the case
of the D-mMIMO system. In the latter case, each UT suffers
from a very different channel to reach each BS antenna.
In this case, the main contributions to the impulse response of
the channel and thus the frequency autocorrelation function,
changes substantially between the different sub-channels,
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FIGURE 4. CDF of the coherence bandwidth values obtained when
considering the whole set of 20 active Tx and comparing both mMIMO
systems for different correlation levels. (a) 50%. (b) 70%. (c) 90%.

giving rise to a greater dispersion of the coherence bandwidth
values. Secondly, if we compare the behavior of the 20 UTs
with each other and for both systems, concentrated and dis-
tributed, we can observe that in the case of the D-mMIMO
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(c) 90%. (b) 70% and (c) 90%.

channel, the UTs behave in a similar way. Their median have very similar values. On the contrary, the channels of the
values are similar, and what is also important, the bottom different UTs in the C-mMIMO system present among them
edge of the boxes, which indicates the 25th percentile, also more dispersed values, concerning both median values as well
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FIGURE 7. CDF of the sum capacity for C-mMIMO and D-mMIMO systems
and 10 active users or Tx in two situations. (a) Dispersed Tx (Tx: 1, 3-4, 8,
10, 12, 15-17, 20). (b) Nearby Tx (Tx: 8, 11-15, 17-20).

as the percentiles. From the point of view of implementing
channel-dependent scheduling strategies and antenna selec-
tion, the D-mMIMO channel performance appears to be more
suitable.

B. SUM CAPACITY

In this subsection, we present the capacity of both UL
mMIMO channels, calculated by means of (7), and con-
sidering an average SNR at the receiver array of 10 dB.
Three different situations have been considered, showing the
influence on the capacity of the number and distribution of the
active UTs, considering 10, 15 and the whole set of 20 UTs
as simultaneously active.

Let us consider first the case of 10 active users to carry
out an initial comparison between both mMIMO systems
taking into account the spatial distribution of the UTs in two
different situations: 1) a set of 10 disperse UTs distributed
throughout the entire area of interest and relatively separated
from each other (Tx 1, 3-4, 8, 10, 12, 15-17, and 20), and 2) a
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FIGURE 8. CDF of the sum capacity for C-mMIMO and D-mMIMO systems
and 15 active users or Tx (Tx: 1-2, 4-5, 7-11, 13-16, 18-19).

set of 10 nearby UTs located next to each other and concen-
trated in a specific area of the building (Tx 8, 11-15, 17-20).

The cumulative distribution functions (CDFs) of the sum
capacities obtained by C-mMIMO and D-mMIMO systems
and for both situations, i.e., 1) and 2), are shown in Fig. 7.
The CDF corresponding to an independent and identically
distributed (i.i.d) Rayleigh channel is included as a reference.
From the results, it is observed in terms of channel capacity
that the D-mMIMO system outperforms the C-mMIMO one
in both cases 1) and 2), i.e., either dispersed or nearby UTs.
In addition and for both mMIMO systems, in case 1), when
the transmitters are far away from each other, the capacity
values obtained are greater than in 2), when the UTs are
closer. As shown in Table 4, for the case of nearby users
the D-mMIMO system has an outage sum capacity at 10%
of approximately 4 bit/s/Hz higher than the C-mMIMO sys-
tem. In the case of dispersed users, the improvement of the
D-mMIMO system against C-mMIMO is smaller but still
significant, 2 bit/s/Hz.

In Fig. 8, the CDFs of the sum capacity for the case of
15 active UTs are presented (Tx 1-2,4-5,7-11, 13-16, 18-19).
In this case, it makes no sense to analyze the spatial distribu-
tion of the set of users (dispersed versus nearby UTs), because
15 is very close to the maximum number of Tx positions,
20, making it difficult to distinguish between both situations.
From the numerical results summarized in Table 4, it can be
observed that the outage sum capacity at 10% corresponding
to the D-mMIMO channel is 5.5 bit/s/Hz greater than that
obtained by the C-mMIMO system.

Finally, for the case of 20 active users, the results showing
the channel sum capacity obtained can be seen in Fig. 9,
and the most relevant values in Table 4. The CDF for the
D-mMIMO channel shows that it equals the median value
of the capacity of an i.i.d. Rayleigh channel. The difference
between the sum capacity of the C-mMIMO and D-mMIMO
channels widens, reaching 11 bit/s/Hz for the outage sum
capacity at 10%. It is also important to note that for 20 UTs
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TABLE 4. Representative values of the sum capacity (C) obtained for 10%
and 50% outage, considering both mMIMO systems and the three sets of
active users (10, 15 and 20 Tx). Values expressed in bit/s/Hz.

Number of Tx System C (10%) C (50%)
C-mMIMO 59.61 61.46
10 (Nearby)
D-mMIMO 63.76 65.13
C-mMIMO 62.64 64.17
10 (Dispersed)
D-mMIMO 64.70 65.92
C-mMIMO 78.10 79.63
15
D-mMIMO 83.61 85.17
C-mMIMO 97.23 98.83
20
D-mMIMO 108.51 110.52
1 -
0.9+ 1
C-mMIMO
osl — — D-mMIMO 4 |

e | |.d. Rayleigh

95 100 105 110 115
Sum capacity (bit/s/Hz)

FIGURE 9. CDF of the sum capacity for C-mMIMO and D-mMIMO systems
and considering active all the 20 users or Tx.

and 100 distributed antennas, the resulting mean capacity
of the MIMO channel is close to the upper boundary of
113.5 bit/s/Hz, given by (8).

The results show a clear advantage of the D-mMIMO over
the C-mMIMO channel performance in terms of capacity.
For the correct interpretation of these results, it is important
to highlight that the normalization carried out to calculate
the capacity (6) can be interpreted in such a way that both
mMIMO systems perform an ideal power control. In this
sense, the average SNR at each receiver array is the same,
10 dB in our case, and thus, the degradation of the channel
capacity with regard to the reference i.i.d. Rayleigh chan-
nel depends exclusively on the orthogonality between the
user sub-channels, and not on the power imbalance. The
widespread spatial distribution of the antennas on the dis-
tributed BS side provides very different channels between
each UT and each one of the BS antennas; thus, the elements
in the G matrix present a different and independent fading
that favors the orthogonality between them.

It is also of interest to analyze how the channel mean sum
capacity increases when the number of active users grows,

65632

115

L i C-mMIMO -
105
=0~ D-mMIMO 2

Sum capacity (bit/s/Hz}

15 . . I . I . I .
2 4 6 8 10 12 14 16 18 20

Number of active UTs

FIGURE 10. Sum capacity values achieved in terms of the number active
UTs. Active UTs have been grouped ranging from 2 to 20 in steps of 2.

1

09}
08}
0.7
0.6 C-mMIMO, SNR=10dB
w — — D-mMIMO, SNR=10dB
805 D-mMIMO, SNR=8.5dB
== == D-mMIMQO, SNR=8.2dB
04 m— i d. Rayleigh
0.3
0.2
0.1
D - L - a 1
95 100 105 110 115

Sum capacity (bit/s/Hz)

FIGURE 11. Analysis of the reduction of the SNR achieved with the
D-mMIMO system, considering active the 20 UTs.

and to compare both C-mMIMO and D-mMIMO channels in
this sense. In Fig. 10 the mean sum capacity values achieved
in terms of the number active UTs are presented; the results
show the influence of the number of active UTs on the achiev-
able sum capacity. Active UTs have been grouped ranging
from 2 to 20 in steps of 2. For each set of UTs it is shown the
mean capacity obtained for all the possible combinations of
users in order to average the effect of the concrete position
of the UTs. It can be observed how for the D-mMIMO
system the mean sum capacity grows faster as the number
of active UTs increases than for the C-mMIMO one. This
effect reinforces the conclusion that the macrodiversity due
to widespread spatial distribution of the antennas on the
distributed BS, causes the elements in the G matrix present a
different and independent fading that favors the orthogonality
between them and, consequently, a greater spatial multiplex-
ing capacity than the concentrated system.

Finally, and to quantify in terms of SNR the improvement
of the D-mMIMO system, let us consider investigating the
reduction in the mean SNR required in the D-mMIMO system

VOLUME 10, 2022



J. R. Pérez et al.: A Comparison Between Concentrated and Distributed Massive MIMO Channels

IEEE Access

to achieve the same sum capacity values as those obtained by
the C-mMIMO channel. According to the results presented
in Fig. 11, the D-mMIMO channel leads to a reduction of
1.8 dB in the required mean SNR, a significant improvement
that demonstrates for the case of study that the D-mMIMO
channel outperforms the C-mMIMO one.

V. CONCLUSION

In this paper, a comparative analysis based on RT modeling
between C-mMIMO and D-mMIMO radio channels in a large
indoor environment has been presented. The analysis concen-
trates on the simulation and comparison of both C-mMIMO
and D-mMIMO systems, considering the up-link (UL) and
the 5G band n258 (26 GHz). To evaluate the suitability of
both concentrated and distributed channels, two of the fun-
damental parameters that determine the spectral efficiency
achievable by a mMIMO system are analyzed: the coherence
bandwidth of the channel and the capacity.

Analyzing the cell as a whole, it is observed that, in the case
of Bc(70%) and B¢ (90%) for a 10% outage (one of the most
interesting statistical figures), the values are slightly higher
for the D-mMIMO channel; reaching the value of 0.6 MHz
for the case of B¢ (70%) and 20 active users.

When considering how the B¢ behaves for the different
UTs, i.e., the B¢ values of the channels that are established
between each one of the 20 UTs and the 100 BS antennas,
it is clearly observed that there is a greater dispersion of
values for all the UTs in the case of the D-mMIMO channel.
Nevertheless, if we compare the behavior of the 20 UTs with
each other and for both systems, concentrated and distributed,
we can observe that in the case of the D-mMIMO channel,
the UTs behave in a similar and homogeneous way. This
last feature can make the D-mMIMO system more suitable
from the point of view of implementing channel-dependent
scheduling strategies and antenna selection strategies.

Concerning the capacity of the channel, we can state that
the D-mMIMO clearly outperforms the C-mMIMO channel
in all cases. For the case of 20 active UTs, the CDF for the
D-mMIMO channel shows that it equals the median value
of the capacity of an i.i.d. Rayleigh channel. The difference
between the sum capacity of the C-mMIMO and D-mMIMO
channels reaches 11 bit/s/Hz for the outage sum capacity at
10%. It is also important to note that for 20 UTs and 100 dis-
tributed antennas, the resulting mean capacity of the MIMO
channel is close to the upper boundary of 113.5 bit/s/Hz.

Finally, if we consider the spatial distribution of users, it is
concluded that the D-mMIMO system is also more capable
than the C-mMIMO of distinguishing and offering greater
capacity to users when they are located next to each other
and concentrated in a specific area of the building.
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