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Abstract—In this paper the performance of realistic massive
multiple input multiple output configurations operating at the
millimeter wave frequency band is evaluated. Performance is
evaluated statistically by executing a sufficient number of Monte
Carlo simulations with the help of a developed semi-static
simulator in a fifth-generation multicellular orientation.
According to the results, although the increase in the number of
radiating elements potentially leads to improved performance
metrics (e.g., increased throughput, reduced blocking
probability and transmission power), the deployment of an
increased number of highly directional beams in predefined
angular locations can lead to performance degradation. In
particular, for 128 radiating elements and 8 directional beams
per base station (BS), total throughput can reach 2320 Mbps
with an equivalent transmission power per BS less than 2 W.
However, system performance in terms of accepted users and
blocking probability can deteriorate significantly when
considering an equivalent grid of beams with 16 active sectors.

Keywords—5G, massive MIMO, mmWave transmission,
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L INTRODUCTION

The full deployment of fifth-generation (5G) networks has
a three-fold goal of service support: enhanced mobile
broadband (eMBB), ultra reliable low latency
communications (URLLC) as well as massive machine type
communications (mMMTC) [1]-[2]. In this context, novel
technologies have been introduced in order to support
increased data rates and low latency applications along with
more efficient spectrum utilization via the new concept of
heterogeneous networks [3]: millimeter wave (mmWave)
transmission [4], non-orthogonal multiple access NOMA) [5]
as well as massive multiple input multiple output (MIMO)
systems [6]-[7]. In the latter case, an increased number of
transmit antennas (typically much larger compared to the
number of active users within a geographical area) is
deployed. Hence, a sufficient number of directional beams can
be generated towards the positions of active users.

To this end, the proper deployment and performance
limitations of massive MIMO systems have attracted
scientific interest over the last years. In [8], the authors show
that the spectral efficiency of such systems does increase with
the increase in the number of antennas installed at the Base
Station (BS). In [9], one of the key findings is that Cell Free
(CF) massive MIMO systems provide better coverage than
conventional collocated ones and uncoordinated small cells.
The work in [10] is focused on efficient signal detection
techniques for massive MIMO configurations. In [11],
downlink multi-user mmWave massive MIMO systems in
both centralized and distributed schemes have been
considered. Performance was evaluated in terms of spectral
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efficiencies, while the impact of the number of total transmit
antennas, the number of users and the location of the
distributed antenna arrays on system performance was
evaluated as well. In [12], the performance of a Time-division
duplex (TDD)-based massive MIMO deployment scenario
has been evaluated. According to the presented results, TDD-
based massive MIMO in 10 MHz bandwidth reveals up to
212% and 50% higher cell throughput compared to
Frequency-division duplex (FDD)-based MIMO deployments
with 10 MHz and 20 MHz bandwidth, respectively. In [13], a
survey on current commercial massive MIMO products is
provided, as well as system-level simulation results.

In all the aforementioned studies however, either limited
network topologies have been considered (i.e., single cell
scenarios), or limited number of active users. In this paper,
the goal is to evaluate the performance of realistic antenna
configurations in 5G wireless networks. The novelty of our
work can be summarized as follows: a) Development of
massive MIMO antenna radiation patterns operating at 28
GHz b) Utilization of a circular array comprised of vertical
arrays that use separate feeding ports leading to a reduced
complexity of RF-chain precoder c) Performance evaluation
of the aforementioned geometry in multicellular/multiuser 5G
networks d) Channel modeling according to 3GPP
specifications. The rest of this paper is organized as follows.
In Section II, the MIMO channel model for 5G configurations
is described. Simulation framework is analyzed in Section III,
while antenna configurations are described in Section IV.
Simulations results are presented and discussed in Section V,
while concluding remarks are outlined in Section VI.

II.  MIMO CHANNEL MODELLING IN 5G WIRELESS
CELLULAR NETWORKS

The latest 3GPP channel model (3GPP TR38.901) [14]
supports a wide frequency range (0.5-100 GHz) and a large
bandwidth (up to 10% of carrier frequency). To this end, the
channel coefficient for an arbitrary pair of transmit-receive
antennas (fx-rx) can be expressed as a sum of individual
components from N clusters and M subpaths per cluster. For a
specific cluster, the channel is formulated as follows:
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In (2)-(3), ,m 700 and 6y, 204 represent the angles of departure
(AoD) and arrival (AoA), respectively, in the vertical plane
for the m™ subpath (1<m<M) of the n™ cluster (1<n<N). The
corresponding parameters for the horizontal plane are ¢, m 400
and @y, m 404, Tespectively. Moreover, P, is the power of the n'"
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phases uniformly distributed in (-m,x) while «,,,, parameter is
the generated cross polarization power ratio (XPR) for each

ray m of cluster z. In addition, 4 is the carrier wavelength, ?:,.X,n,m
is the spherical unit vector with azimuth arrival angle @y, m 404
and elevation arrival angle 6, zo4, while ftx’n’m is the spherical

unit vector with azimuth departure angle ¢, » 40p and elevation
departure angle 6,,,zop. Moreover, Fy;, /Fnm represent the
field pattern of transmit/receive antenna element s/u,
respectively (1<s<N, 1<u<N,), d...is the location vector of
receive antenna element u and 4., is the location vector of
transmit antenna element s. Finally, AT denotes the transpose
of matrix A and j the imaginary unit.

The overall geometry is depicted in Fig. 1, considering
only the x-y plane. The BS and Mobile Station (MS) array
orientation is represented by angles Qzs/Quys, respectively. In
addition, fps is the Line of Sight (LOS) AoD direction
between the BS and MS (with respect to the broadside of the
BS array), while 0y is the angle between the BS-MS LOS and
the MS broadside. Finally, 4, 40p is the angle offset of the m
subpath with respect to 6,,m 400 and A, m 404 the corresponding
offset with respect to 6, 404.

III.  SIMULATION FRAMEWORK

A system-level simulator has been developed, executing a
sufficient number of Monte Carlo (MC) simulations in
multicellular wireless orientations. MSs enter the network
sequentially, following a uniform distribution. It is assumed
that during each MC run, the positions of the MSs remain
unchanged (semi-static simulator). For each candidate MS, all
associated system level parameters (e.g. pathlosses,
shadowing, MIMO channel matrices) are calculated and
power allocation per requested subcarrier takes place. In this
context, considering an arbitrary MIMO configuration with N,
transmit antennas and N, receive antennas (NXN,), the
equivalent channel matrix per subcarrier is calculated after the
summation of all individual cluster components of (1) for all
tx-rx pairs (subcarriers are grouped in Physical Resource
Blocks-RPBs [15], defined as 12 consecutive subcarriers in
the frequency domain). If the requested power per subcarrier
exceeds a predefined threshold, then the candidate MS is
rejected from the network. The MC run comes to an end when
there is an excess of BS power or lack of available subcarriers.

A flowchart of the overall procedure is shown in Fig. 2,
while all simulation parameters are summarized in Table I
(DTP is the downlink transmission power of the new MS).

In all simulation scenarios, as it will be described in Section
V, three Key Performance Indicators (KPIs) have been
considered: Total network throughput, blocking probability
(BP, defined as the number of MSs that successfully enter the

network to the total number of MSs requesting access) as well
as total downlink transmission power from all BSs.
Simulation setup and parameter selection are aligned with
most of related works described in [16], regarding system- and
link- level simulations.
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Fig. 1. 3GPP channel model for 5G wireless systems
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Fig. 2. Flowchart of the 5G MIMO System-Level Simulator
TABLE L. SIMULATION PARAMETERS
Parameter Value/Assumption
Tiers of cells around the central cell/Number of cells 2/19
Pathloss model Urban Macro-
cellular (UMa)
Carrier frequency (GHz) 28
Channel Bandwidth (MHz) 100
Subcarrier spacing (kHz) 60
PRBs per BS 132
Subcarriers per PRB 12
Cell radius (m) 500
Assigned PRBs per MS and equivalent data rates 5 (7.2Mbps) and
15 (21.6 Mbps)
Monte Carlo snapshots per scenario 10*
Required E;/N, (dB) 9.6
Maximum transmission power per BS/MS (W) 20/1
Antenna elements per MS 2




IV. ANTENNA CONFIGURATION

An attractive massive MIMO antenna configuration is
characterized by the use of a multitude of dual polarized (DP)
or circular polarized (CP) antennas which are horizontally or
vertically separated. Such type of antenna schemes can utilize
both the spatial and polarization dimensions [17]-[21].
Besides, the ever-growing interest in the exploitation of
mmWave domain dictates the installation of millimeter
DP/CP antennas in a MIMO system.

The former requirements for a MIMO scheme can be
easily achieved with the most common type of CP antenna,
namely the crossed dipole antenna, with an RF- to millimeter
wave frequency range [22]-[25]. In addition, such type of
antennas can enhance in a more efficient way the diversity
gain of the receiver, especially in cases of arriving signals
with different power compared to the respective limited
diversity gain coming from DP antennas [26]-[27]. By an
appropriate exploitation of the left- and right-hand
polarization, the dipole crossed array can receive all
orientations of signals eliminating the multipath fading of a
rich propagation environment. Thus, MIMO transmission
and reception holds an immutable behavior in terms of the CP
antenna positioning [28].

In the present study, a reflector using as an exciter a
crossed dipole antenna has been designed to resonate at the
mmWave carrier frequency of 28 GHz as shown in Fig. 3. In
particular, the crossed dipole consists of two identical but
orthogonal (+45°) half-wave dipoles. The crossed dipoles are
fed by two separates ports with the requisite 90° phase
difference between them. Finally, the width and the spacing
between the two radiating elements are of the order of /100
[29], as shown on the right part (profile of the crossed dipole)
of Fig. 3. Note here that utilization of separate feeding ports
facilitates the development of beamforming-oriented
topologies when it is necessary.

The current work utilizes different types of crossed dipole
arrays in order to study the efficiency of different MIMO
configurations. To be more specific, each antenna array
consists of w crossed dipoles equally spaced on a ring
(a=360%w) with diameter ¢ measured in units of 1 as
presented in Fig. 4. Besides, v crossed dipoles are vertically
located building a block of antennas [30]-[31]. In order to
enhance the gain in the horizontal plane each of the vertical
crossed dipoles is placed A/2 far apart. To generate
unidirectional CP radiation, all the radiating elements are also
placed above a perfect electric conductor (PEC) reflector in a
distance of ~4/4 leading to a further gain increase [29].

It should be mentioned that all developed circular array
configurations are characterized by the w, v, ¢ and a
parameters unless otherwise stated, Fig. 4. In addition, all the
field properties of the circular arrays such as far-field
radiation pattern have been computed by the method of
moments (MoM) [32]. Note here that the 3-D computational
model, namely full wave model, developed for our simulation
results has taken into account the excitation of all mutual
currents among all the radiating elements of the circular
arrays. Thus, all the changes in the radiation pattern and input
impedance of the developed antenna configurations due to the
mutual coupling among the radiating elements have been
taken into consideration [33].
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Fig. 3. Geometry of the reflector using a crossed dipole as an exciter

w=4

Fig. 4. An example of circular array. This geometry consists of 12 (vxw)
crossed half-wave dipoles (24 radiating elements) uniformly distributed,
a=360/4=90°, with a ring radius ¢

Finally, the antenna configurations presented in Fig. 5
consist of lossless crossed dipoles without any matching
network between the antenna and the source as such type of
analysis is beyond the scope of the current paper. Thus, the
directivity of the circular array corresponds to the total gain
as there are not any mismatches due to reflections between

the crossed dipoles and the corresponding feeding points
[29].
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Fig. 5. Gain on the horizontal plane (azimuth) and 3D normalized power
pattern for three different crosssed dipole configurations



Fig. 5 shows the gain on the azimuth plane as well the 3D
gain pattern of three different array geometries. In particular,
the results of Fig. 5 (a,b) correspond to the parameters w=8,
v=4, 0=45° ¢=2.14 leading to a maximum directivity of 6.97
dB with Half Power Beam Width (HPBW) equal to 31°. By
keeping the parameters w, a, ¢ constant and increasing v to 8,
the maximum achieved gain on the horizontal plane is raised
to 10.4 dB as expected, Fig. 5 (c,d). Interestingly enough the
HPBW attains the value of 31°. Following the concept of low
power tiny BSs, a 3-sector mmWave BS is designed and
simulated with the following parameters: w=3, v=10, a=120°,
q=0.811. The beamforming behavior of the array is also
obvious, while the maximum gain obtained is 13.4 dB as
shown in Fig. 5 (e, f). The results of Fig. 5 are necessary for
the calculation of Cumulative Distribution Functions (CDF
curves) presented in the next section.

V. RESULTS

Simulation results (CDF curves) are presented in Figs. 6 -
8, for the considered KPIs of section III and four massive
MIMO configurations: 10%3 (3 sectors, 60 radiating
elements), 4x8 (8 sectors, 64 radiating elements), 8x8 (8
sectors, 128 radiating elements) and 8x16 (16 sectors, 256
radiating elements), where the number of sectors corresponds
to the total number of generated beams from the antenna
configuration at BSs, as shown in Fig. 5. The third index in
each figure legend corresponds to the allocated PRBs per MS.
In all cases, diversity combining transmission mode has been
assumed. Moreover, in all the examined scenarios two tiers of
cells around the central cell have been considered.

As it can be observed from Fig. 6, in the first three
configurations throughput is maximized for 5 allocated PRBs
per MS. In this case, corresponding mean values are
2324/2320/2238 Mbps for the 4x8/8x8/10%3 configurations,
respectively, as shown in Fig. 5. In all the examined scenarios
throughput is reduced for 15 PRBs per MS, as expected, since
in this case a reduced number of high data rate MSs can be
supported. In Fig. 7, the total downlink transmission power for
the aforementioned configurations is depicted. As it can be
observed, in the 8x8 MIMO case (Fig. 5 (c,d)) a significant
downlink transmission power reduction can be achieved
compared to the 4x8 case (Fig. 5 (a,b)). In particular, mean
transmission power is 65/34 W in the 4x8/8x§ MIMO
configuration, respectively. This power is further reduced to
19W (i.e., IW per BS) in the 10x3 configuration (Fig. 5 (e,f)).
In this context, it is interesting to note that apart from
downlink transmission power, BP is minimized as well: mean
value is limited to 1%, while in the 8x8 case corresponding
value is 2%.

However, as it becomes apparent from all Figs., in the
8x16 configuration all KPIs can significantly deteriorate
compared to the previous cases. Therefore, the deployment of
many directional beams with an equivalent increase in the
number of transmit antennas does not always result in reduced
transmission power and BP. In the 10x3 case, spatial coverage
is improved, leading to an equivalent improvement of the
examined KPIs, despite the fact that in this case we have the
fewest number of radiating elements compared to the other
configurations.
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VI. CONCLUSIONS

The performance of various realistic massive MIMO
configurations has been evaluated, in the context of 5G
mmWave wireless cellular networks. Extensive system-level
simulations were performed, in network topologies with two
tiers of cells around the central cell. According to the
presented results, the deployment of an increased number of
highly directional beams in predefined angular locations does
not result in improved performance metrics. On the contrary,
the deployment of sectors with increased beamwidth leads to
downlink transmission power and blocking probability
reduction. These results are particularly important towards the
design and implementation of realistic 5G deployments, since
improved KPIs can be achieved with minimum signaling
burden and transceiver configurations (reduced number of
dedicated pilot signals per BS for optimum beam selection).
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