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Abstract—5G comes with a promise of capacity increase,
enabling the network to comply to a variety of use cases.
This is achieved with the implementation of technologies such
as MaMIMO and beamforming. The main objective of this
thesis is to study the impact of a Massive MIMO (MaMIMO)
antenna on high capacity 5G-NR networks. To do so, a simulator
was developed, and three antenna configurations were tested in
the area surrounding Vodafone Portugal’s headquarters. These
tests were performed as to understand how parameters such as
average throughput per user, number of active beams, number
of input and served users interact and influence each other. For
different traffic load scenarios, and different user distributions, it
was found that the hotspot antenna setup is the one that offers the
highest average data rate per user from the three, followed by the
macro and highrise configurations. The later presented the least
favorable results due to its selection of beams, that are best suited
for high building density environments. The results obtained
via simulation were then compared with measurements, using
a single broadcast beam. The computed relative error netted in
5,6%. It was also given focus on how the user sweeping could be
made, as to obtain a higher average throughput per user. Thus,
four different tips of sweepings were tested in two different user
distributions. The sweep that showed the best results was the
one that processed the users located farthest and in front of the
antenna first, followed by the ones located in their left and then
right.

Index Terms—5G, MaMIMO, beamforming, NR, beam sweep-
ing

I. INTRODUCTION

New mobile communication systems are introduced, be-
cause of consumer demand. This demand has been increasing
in an exponential manner throughout the years. This increasing
growth of data traffic is mostly due to the escalating use
of video capabilities in mobile applications. Given that users
expect to experience a comparable performance as the one
they do while using their wireline network at home, and since
current technologies will not be able to comply to this in a
short-term, this tendency creates a necessity to introduce a new
technology capable of coping with this consumer demand.

Wireless networks were originally built for voice and
messaging with only limited data connectivity. Since the
introduction of 3G, mobile broadband became more widely
available, allowing people to have internet access, engage
in social media, and stream music and video, through their
mobile devices. Although over the last couple of years, there
has been a decrease on the mobile subscriptions due to a
number of factors beginning to decline in importance, the
smartphone penetration continues to rise. By the end of 2018,

there were 5.1 billion smartphone subscriptions, 99 percent
of which were for 3G and 4G, according to [1]. By 2024,
it is anticipated to reach 7.2 billion subscriptions. [1] states
that, as Fifth Generation (5G) devices increasingly become
available on the market, several operators have started to
deploy 5G during the second quarter of 2019. Some operators
have set ambitious targets of reaching up to 90 percent of
population coverage within the first year, with over 10 million
5G subscriptions being projected worldwide by the end of
2019. It is expected that, in the first five years, New Radio
(NR) subscription uptake to be significantly faster than that of
LTE in its beginning stage. On a global level, 5G networks are
expected to be massively deployed during 2020, creating the
foundation for massive adoption of 5G subscriptions. Ericsson
expects to have 1.9 billion 5G subscriptions for enhanced
mobile broadband by the end of 2024, given the current
momentum in the market. This will represent over 20 percent
of all mobile subscriptions at that time - figure 1.

Fig. 1: Mobile Subscriptions by technology (billion) - ex-
tracted from [1].

This behavior is driven by both the rising number of
smartphone subscriptions, and the increasing average data
volume consumption per user, fueled by the greater use of
video capabilities in mobile applications, seeing that users
are spending more time streaming and sharing video. This
behavior is expected to continue, seeing that video capabilities
are embedded in all types of online content.

The next generation 5G cellular systems will require a
new approach regarding channel modeling. This aspect is of
extreme importance in order to guarantee accurate modeling
of the propagation conditions. Studies [2], [3], [4], [5] have
shown that most of the available stochastic models do not
fully satisfy the requirements for this new generation without



significant extensions, which in most cases, translates into a
great deal of computational complexity. The present work is
a response to this.

This study was developed in collaboration with Vodafone
Portugal, one of the largest telecommunication companies in
Portugal. The main conclusions drawn from this work are
intended to provide some insights to the company in terms
of what is expected to achieve with the use of a Massive
MIMO (MaMIMO) antenna, and how it can be configured
depending on the data usage scenario at hand, as to deliver
the best results.

II. 5G-NR BASIS CONCEPTS

The 5G-NR has been developed to provide significant en-
hancements in areas like flexibility, scala- bility and efficiency,
both in terms of spectrum, power usage and infrastructure,
all the while improving costumer experience. This technology
aims to provide a service-oriented framework for a consid-
erable variety of applications such as human centric high
traffic density applications, low latency communica- tions
for remote control vehicle communications, as well as low
data rate and low bandwidth require- ments for machine
type communications. The rapidly increasing usage of mobile
communications, and the introduction of 5G will accelerate its
deployment. For this reason, it is important to identify which
advances and improvements come with 5G.

To comply with these demands, improvements in spectrum
efficiency are necessary. However, today’s bands will not
be able to accommodate the provisioned increasing demand.
This is why more spectrum is needed. Third Generation
Partnership Project (3GPP) outlined several groups of new
spectrum specifically for NR deployments. The advantage
of these higher frequency bands is that they provide larger
bandwidths that can go up to 100 MHz for Frequency Range
1 (FR1), and hence support much higher data throughput rates,
seeing that the resources available are higher. It also allows
for a greater frequency re-use which can provide an overall
increase of capacity. In Portugal, the chosen NR frequency
band is 3600 MHz (that operates with Time Division Duplex
(TDD)), which corresponds to the n78 band in [6].

Beamforming is another technology that has become a
reality in recent years providing significant advantages to 5G.
Beamforming enables to steer beams directing them to mobile
devices, with a high programmable directivity level. This way
the signal that reaches the User Equipment (UE) allows it to
have a better experience with higher throughputs, all the while
cutting interference to other terminals as well.

Another technology that goes hand to hand with beam-
forming is MaMIMO. MaMIMO is the most compelling FR1
physical-layer technology. Multiple Input Multiple Output
(MIMO) technology has already been used with Long Term
Evolution (LTE), and the concept has proven to provide
significant improvements. With 5G, the result will be even
better, since with MaMIMO and beamforming, beams will
be able to reach various users in distributed and uncorrelated
spatial locations, increasing the cell’s capacity.

NR has also defined a family of Orthogonal Frequency
Division Multiplexing (OFDM) numerologies for a variety of
frequency bands in order to satisfy the requirements of 5G use
cases. The maximum Fast Fourier Transform (FFT) size of the
OFDM modulation along with subcarrier spacing determines
the channel bandwidth. In NR, the Primary Synchronization
Signal (PSS) and Secondary Synchronization Signals (SSS)
and the Physical Broadcast Channel (PBCH), will use 15/30/60
kHz Subcarrier Spacing (SCS) for FR1 and 120/240 kHz
for Frequency Range 2 (FR2) bands. NR exploits a scalable
OFDM subcarrier spacing (powers of 2) to support various
frequency bands and deployment scenarios:

∆f = 2µ × 15[kHz], (1)

Regardless of the numerology used, the lengths of radio
frame and subframe are always 10 and 1 ms, respectively with
14 symbols per slot [7] - figure 2.

Fig. 2: 3GPP NR frame structure.

Different numerologies will then translate into the number
of slots per subframe, and the higher the subcarrier spacing,
the more slots can be accommodated per subframe [7].

A. Massive MIMO

MaMIMO is one of the main enabling technologies in 5G
wireless communications that can provide the means for NR
to achieve what it has set out to achieve. MaMIMO is the
grouping of a large number of antenna elements placed at
the Base Stations (BS) that provides an increase of capacity
due to its extra degrees of freedom. As the extension of the
Multi-User MIMO (MU-MIMO) concept to large number of
antennas at the BS, MaMIMO is a promising solution that
can significantly increase the user throughput and network
capacity by allowing beamformed data, control transmission,
and interference management. It serves multiple users through
spatial multiplexing over a channel with favorable propagation
conditions using a TDD scheme and relying on channel
reciprocity and uplink reference signals to obtain the Channel
State Information (CSI) of each user. The effect of consider-
ably increased path loss, due to the higher frequency which NR
operates, is compensated by higher antenna gains (directivity),
which is made possible by increasing the number of antenna
elements at the base station using adaptive beamforming and
active antenna schemes.



The studies on MaMIMO have been mainly focused on
frequencies below 6 GHz [8], where the transceiver hardware
technology is very mature. This physical layer technology,
has received much attention in academia and industry as a
means to improve the spectral efficiency, energy efficiency,
and processing complexity of the cellular systems.

The base station is equipped with a given number of antenna
elements to communicate with a given number of users on
each time/frequency resource, with the number of users being
significantly inferior to the number of antenna elements. Each
BS in the network operates individually and processes its
signals using linear transmit precoding, and linear receive
combining [8]. By coherent processing of the signals over the
array, transmit precoding can be used in the downlink path to
focus each signal at its target user. Receive combining can be
used in the uplink to distinguish between signals received from
different user terminals. Consequently the larger the number of
antennas, the finer the spatial precision. A generic MaMIMO
system operates in TDD, and so the physical propagation
channels are reciprocal, meaning that the channel responses
are theoretically the same in both directions. In practice,
the transceiver hardware is not reciprocal, thus transceiver
calibration is required to exploit the channel reciprocity.
Since uplink/downlink hardware mismatches only slowly and
slightly change over time, they can be mitigated by simple
calibration methods even without extra reference transceivers
by relying on mutual coupling between antennas in the array.

The MaMIMO gains do not require high-precision hard-
ware. In fact, lower hardware precision can be handled com-
pared to other systems since additive distortions are suppressed
in the processing. Another reason for the robustness is that
MaMIMO can achieve high spectral efficiencies by transmit-
ting low-order modulations to a multitude of terminals, while
legacy systems require high-precision hardware to support
transmission of high-order modulations to a few terminals [8].

B. Propagation Model

The purpose of a propagation model is to deliver accurate ra-
dio propagation coefficients in time-frequency-space domain,
under acceptable computation complexity. It is important that
the model is consistent across frequencies, network topologies
and environments and it should also show the main char-
acteristics of the propagation in different circumstances. As
the number of services and applications provided by the fifth
generation of mobile telecommunications increase, so does the
need to better recreate the propagation environment. For this
reason, NR models must check a greater number of criterium
when compared to previous technologies. Figure 3 shows the
current state-of-the-art models and some of their supported
features [2], [9], [10], [11].

Two models stand out. A stochastic one, European Cooper-
ation in Science and Technology (COST) 2100, and a deter-
ministic one, Mobile and wireless communications Enablers
for Twenty-twenty (2020) Information Society (METIS) map
based channel model. The underlying approach should be able
to support key features of NR in order to better recreate its

Fig. 3: Comparison between the supported features of existing
propagation models for 5G-NR.

propagation characteristics of a given scenario. Given that, it
is critical for NR that the model is able to reproduce a 3D
characterization of the scenario, seeing that accurate evaluation
of cellular systems will enable parameters such as elevation
angle of departure, loss due to reflection and diffraction on
the rooftops of buildings, among others, to have an impact on
the final results, the COST 2100 was not chosen as a way
forward.

On the other hand, the METIS project is the first EU holistic
5G access project that has had worldwide impact on the
NR development. By identifying and structuring the 5G key
technology components, determining key 5G scenarios, test
cases and Key Performance Indicator (KPI), it has established
itself as the global reference project on 5G, and it is now
routinely referenced in commercial and academic literature
[12].

This model is built on simplified Ray Tracing (RT) tech-
niques with added important features, such as digital ge-
ometrical description of the environment and its material
properties. It takes into consideration the location of streets,
the elevation of buildings and their resulting changes on the
scenario. As stated in [4], since it is a deterministic model,
physics based propagation mechanisms, such as penetration,
diffraction, specular reflection, diffuse scattering blocking, etc.
are taken into account and, for this reason, the frequency
dependency is inheritably included in the its formulation.
By modeling the received power level, determined by path
loss and shadowing, as precisely as possible for accurate
simulations, the METIS map-based model provides a lower
error when compared with stochastic models [3].

C. Capacity Overview

The overall increase of capacity with NR is one of its main
selling point, and so, capacity estimation is a key. Depending
on the number of users present in the cell, the capacity
estimation indicates if such users are or not served, and how
many resources are allocated to them. 3GPP has defined the
maximum throughput per user, in mbps, as [13]:

Rb = vLayers ·Qm · f ·Rmax ·
NBW,µ
PRB · 12

Tµs
·
(

1−OH

)
(2)



Assuming no carrier aggregation, and the same MIMO
configuration for all users, the remaining variables are fixed
in the context of 5G-NR. The biggest variation in the output
is dependent on the number of Physical Resource Block
(PRB) allocated for each user, and the modulation curve they
are inserted (Quadrature Phase Shift Keying (QPSK), 16-
Quadrature Amplitude Modulation (QAM), 64-QAM and 256-
QAM).

III. SIMULATOR DESCRIPTION

The simulator focuses on the study of coverage and capacity
of a NR cell. By computing the path loss between the BS and
the receiver both when in Line of Sight (LoS) and Non Line of
Sight (NLoS), it is able to compute Signal to Interference plus
Noise Ratio (SINR), and with that achieve the correspondent
throughput at the receiver. Some of the degrees of freedom are
the operating frequency and bandwidth, numerology, antenna
orientation, number of UEs, electrical and mechanical tilts.

A. SNR and SINR versus Throughput

As said before, in NR there are four different modulation
types: QPSK, 16-QAM, 64-QAM, and 256-QAM. Therefore,
four different expressions, that define the relationship between
Signal to Noise Ratio (SNR)/SINR and throughput, have to
be considered for the downlink. In order to get an accu-
rate realistic approximation of the behavior curves of a real
network, a comparison was made with previously derived
expressions provided in [14], and [15] - based on previous
3GPP results and other assumptions. To match Vodafone
Portugal current deployment settings, a normalization of the
curves was made, and the adjustments were based on the
maximum throughput achieved with equation 2 for the settings
defined by Vodafone. The following equations were obtained
for a 60 MHz bandwidth, 2x2 MIMO channel, and numerology
1 - SCS equal to 30 kHz - configuration.

For QPSK:

Rb[bps] =
1.69748 × 106

14.0051 + e−0.577897·ρIN
(3)

For 16-QAM:

Rb[bps] =
69019.7

0.0926275 + e−0.295838·ρIN
(4)

For 64-QAM:

Rb[bps] =
57416.6

0.0220186 + e−0.24491·ρIN
(5)

For 256-QAM:

Rb[bps] =
76559.2

0.0178868 + e−0.198952·ρIN
(6)

Figure 4 provides an illustration of the equations that allow
to compute the throughput per PRB.

Fig. 4: SINR versus throughput per PRB for the given settings.

B. Simulator Implementation

The simulator uses a snapshot approach, where the results
provided refer to the behavior of the network at a given
instant. The process starts by defining the desired scenario and
propagation conditions, as well as other parameters. After this,
the map’s layout, the antenna’s location and the building’s wall
points are defined. An illustration of a generated map is shown
in figure 5, refering to Vodafone’s headquarters surroundings,
in Lisbon.

Fig. 5: Simulator’s recreation of Vodafone’s headquarters
surroundings.

After the map is defined, depending on the chosen antenna
scenario, two matrixes are selected: the antenna’s maximum
beam gain matrix, and the the gain difference matrix. Each
of these matrixes have different dimensions, as the number of
beams offered by each option differs from each other, depend-
ing on the horizontal and vertical beam width specifications of
the antenna. The option that provides the highest number of
traffic beams is the hotspot configuration with 78 beams. The
macro configuration has the lowest number of available traffic
beams from the three, with 26 beams. Finally, the highrise
configuration has 30 beams and, as the name indicates, is better
suited for scenarios with high building density.



The next stage is the definition of the number of PRBs
available per beam. At this point, the spatial distribution of
the users has already been made, and so, the beam activation
evaluation and throughput calculation starts. There are three
different processes depending on the simulation stage. When:
there are no active beams; there is one active beam; there are
more than one active beams. The simulator choses to activate
one beam taking into consideration two aspects:

• average throughput per user: on the one hand, adding
another serving beam to the system increases the cell’s
capacity, as it doubles the number of PRBs available to
distribute amongst users. This means that, if the SINRs
computed with another active beam increase on aver-
age, the achievable throughputs per UE will be higher.
However, this doesn’t necessarily mean that the average
throughput per user will increase every time a beam
becomes active. For the case where the activation of
another array provides users with a signal above the SINR
limit, the average throughput per user might still decrease,
since the computed SINR might not be too far from the
defined limit and, in that case, the computed average will
not be higher than the one with fewer serving beams;

• number of users served: by adding another beam, the
simulator also adds interference between the involved
beams. For the case where the users are far from each
other, this interference does not have a significant impact
on the final UE SINR. If that is not the case, the impact
might be important enough as to put the SINR of one
or more users under the its limit, and therefore, consider
them as not covered. In this case, the average throughput
per user can increase, however the number of served users
will diminish.

Both this aspects are critical in order to decide if another
beam should be activated or not. Only when both the through-
put per user is higher with another active beam, and the
number of served users is higher or equal to the number of
users served by just one beam, than there are strong reason to
proceed to the activation of another beam.

IV. RESULTS

There are three different antenna setups scenarios available.
In order to understand the benefits of a MaMIMO antenna,
and what each of these configurations bring to the table, these
setups were tested in different UE distributions. The results
shown are a consequence of several simulations performed
in each scenario as to enable statistical relevant results. The
number of input users selected for some of the analysis, was
chosen as to show the variations of the parameters under study,
in different traffic demand scenarios.

A. Walk-Tests Results and Analysis

The measurements were collected during two walk-tests
campaigns performed in the area surrounding Vodafone Por-
tugal’s headquarters, in Lisbon. Since the map created by the
simulator does not reflect the exact environment under study,
but an approximation of it, the buildings should be looked at

as quarters, in order to better understand where the tests were
made. Vodafone’s building is used as a reference to all the
points illustrated in figure 6.

The antenna is configured to operate with a 60 MHz band-
width, since, as said before, at the time these measurements
were performed, Vodafone only had 60 MHz borrowed by the
regulator in the area being analysed. In addition to this, in this
analysis, the antenna is radiating at 80 W.

Given this early stage of deployment, in this testing phase,
the antenna is operating with one broadcast beam. Therefore,
this analysis is a comparison between the results achieved with
the simulator, and the ones obtained in the live network both
using one broadcast beam. In order to complement the assess-
ment of the model implemented for this thesis, this section
should also be understood as a comparison between measure-
ments and simulations intended to validate it, considering that
the choice of the simulation settings and environments is the
one that is able to provide the best approximations to the
measurements results.

These tests were performed using a laptop with an in-
corporated GPS receiver, connected to a UE (Xiaomi MI 9
Pro) that works with a 2x2 MIMO configuration. Seeing that
GPS functionalities are available, the registration of location
information associated with the measurements was possible.
The measurement software running in the laptop was TEMS
Investigation 21.2, which created a logfile for each of the
walk-tests. These logfiles were later processed using the same
software.

The regions where the measurements were carried out
were carefully picked, in order to obtain valid information
to compare with the simulator. Whenever the route of the
walk-test passed by a specific previously selected location,
one would stop as to perform a speed test, and evaluate the
throughput achieved.

The tests were done taking one user into account, hence the
simulator uses only one UE, making this a low load scenario.
Again, since this is a deterministic model, as the UE positions
are previously chosen and only one UE is being considered,
for every measurement taken from the test network, one
simulation was performed for each position. In each of these
simulations, the user is placed approximately in the same place
where the measurements were made.

The information chosen to evaluate the model are the
outputs of the simulator, and the results provided by the
measurement software. Given that both are able to compute
the path loss for the downlink, and the throughputs achieved,
one has to first evaluate if they should be chosen to assess the
propagation model implemented.

In order to define this comparison basis, Huawei Mate 20
X 5G was tested against the Xiaomi MI 9 Pro. Since the
results obtained with each phone show a significant disparity
between the achieved throughputs, this set of results are not
taken into consideration, given that their analysis would not
be the best way to validate the model, as 5G is still in its
early stages and devices are in their learning process. Seeing
that the used measurement software is able to compute the



path losses for the downlink, the comparison will be based on
it. Although not ideal, since the computed scenario does not
reflect with precision the environment under study, this way
forward presents itself as the best option, given that one can
place the UE in the location that better fits the real environment
around it. Figure 6 illustrates where the chosen evaluation
points are.

Fig. 6: Location of the assessment points.

As written on the right side of figure 6, during the walk-
tests, three types of situations occurred:

• situations where one was able to perform a speed test;
• others where one was unable to perform a speed test;
• and finally, where the terminal had no signal.
Most of the points in green are either in areas in front of the

antenna, or in LoS, therefore the ability to perform a speed test
matches what was expected. With the exception of position
25 and 28, the yellow and black points represent locations
where the antenna’s visibility is non existing, and also regions
out of the main coverage area of the antenna (defined by
its horizontal beam width). Hence, the ability to perform
spped tests in these points also matches the expectations. The
inability to do a speed test in position 25 and 28 is related to
the fact that both these locations are in great shadow regions.
Also, this inability to perform a speed test is related to the
Non-Standalone deployment option of 5G. Given that these
points are in areas where the Fourth Generation (4G) anchor
has a great level of interference caused by other LTE cells in
the surroundings (that are not 5G anchors), it is impossible
to get 5G service. Therefore, this is not an issue of the UE
not being covered. The problem resides on the fact that the
best LTE signal, in these regions, does not correspond to the
4G anchor. The points in black, on the far right of the figure,
represent data collected inside Vasco da Gama Shopping Mall,
on the ground floor.

Table I shows the results obtained for each position in the
walk-tests and simulator.

The results show that when the propagation scenario recre-
ated in the simulator is close to the reality, the deviation
between both values is lower. On the other hand, when the

Position Walk-Test Measurements [dB] Simulator Measurements [dB]
1 108 123
2 95 122
3 102 141
4 100 150
5 94 145
6 93 147
7 86 89
8 89 87
9 93 86
10 114 120
11 102 119
12 105 83
13 105 71
14 117 78
15 115 81
16 115 84
17 130 124
18 133 125
19 126 124
20 128 122
21 125 120
22 106 122
23 102 121
24 110 96
25 118 117
26 125 117
27 143 222
28 123 140

TABLE I: Measurements collected for each position from the
walk-tests and simulator.

propagation conditions differ, the differences between the
values are higher. For example, the computed path loss values
for positions 3 to 6 show a significant disparity between them.
This is because in the simulator, the users are considered
to be indoors, whereas in reality, that area corresponds to
Pavilhão de Portugal, which can be described, in a simple
manner, as an open space with a roof. Since all these extracted
values correspond to measurements made in clear LoS, it
was expected that the outputs of the simulator would differ
from them, seeing that in the later, one has to count with the
additional attenuation of crossing a building wall. The results
achieved in positions 7 to 11, however, are similar to the ones
obtained in the test network. This is mostly due to the fact that
there are no additional obstacles in the real scenario that would
significantly add attenuation, thus the conditions recreated on
the map are coherent to reality, which leads to this proximity
between outputs.

Positions 14 to 16 also show a gap difference. This can
be explained by the fact that this particular street, where the
user is located, does not reflect with precision the environment
at hand. Since the map was thought as to prioritize the
area in front of the antenna, and given that the definition
of the location of the users is relative to both Vodafone’s
headquarters, and the beginning and end of the quarters that
surround Vodafone (as to better recreate LoS and NLoS
scenarios), the distances computed in the simulator between
the UE and transmitter are an approximation. Again, the
priority was to recreate the UE’s surroundings scenario, giving
more importance to the users visibility to the antenna, since



this is the variable that causes the greatest impact on the final
computed path loss. In addition to this, it is important to take
into consideration that, while collecting the data corresponding
to this street, the terminal was not facing the antenna directly,
since the direction that one took was the one moving away
from Vodafone’s headquarters, as indicated by the sequence
of numbers. Therefore, although in theory this was a LoS
location, in practice it was not, as one was with his back turned
to the antenna, and hence there was additional attenuation
that is not considered in the ideal scenario of the simulator.
Nevertheless, these results are coherent to what was expected
in this part of the map, that is: the throughputs achieved were
very high - in the order of the 400 Mbps -, as predicted by
their LoS to the antenna, and by the results obtained in the
simulator.

Another assessment that can be made is related to positions
18 to 21. The results obtained with the simulator, and the ones
achieved during the walk-tests show that there is no service in
this position. In the simulator, since the user is either served
or not, the user is not served by the broadcast beam. The
measurement software, however, shows that the user can still
be registered, but is unable to perform a speed test. This in
mainly due to the fact that the user is in a shadow region, and
also because it LTE cell that presents the strongest signal is not
a 4G anchor. This similarity of behavior, between the simulator
and real life measurements, further validates the model. In
position 17, on the other hand, the results are not the same.
In the simulator, the user is unable to connect itself, however
one was able to do a speed test during the walk-tests in this
location (although the date rates were under 2 Mbps). This
inconsistency can be explained by the fact that in the simulator
there are no buildings behind that point that may cause the
signal to reflect, which would result in a stronger SNR. In the
real life scenario, that building exists, hence the higher Quality
of Service (QoS).

Finally, the points 30 to 34, painted in black, represent
locations where one was unable to connect. These results are
also coherent to the results computed in the simulator. Since
the connection was unsuccessful, it was not possible to obtain
the correspondent path loss values. However, seeing that in the
simulations the final SNR computed was under the threshold,
both results are consistent.

To finalize this analysis, the relative error between mea-
surements was computed. The results suggest a relative error
between the outputs of the simulator, and the measurements
collected, equal to 5,61%. This is consistent with the analysis
made previously. Keeping in mind the changes made to the
scenario, the placement of the users in order to prioritize
their surroundings and their visibility to the antenna, one can
conclude that the decisions made had a positive impact, in
a way that it was possible to work around the fact that the
recreated map was not an exact replica of the real one.

B. Average Throughput vs Number of users

Figure 7 refers to the average throughput per user, for
different number of input users, in a hotspot scenario. This

Fig. 7: Average throughput for a different number of input
users, in a hotspot scenario, for a random distribution of users.

is the one that offers the best results, followed by the macro
and highrise configurations. It suggests that as the number of
users increases, the average throughput per user decreases, in
a negative exponential manner. This behavior repeats itself on
the other antenna scenarios.

There is a clear throughput disparity when one compares
the data rates obtained with only one, and 10 input users. The
reason behind it is that, if a user becomes active, only one
beam is activated, and so there is no additional interference
from other beams. In this case, if the computed SNR is above
the defined limit, all of that beam’s resources are allocated to
that user, which in some cases allow to achieve the maximum
theoretical throughput of approximately 693 Mbps. On the
other hand, when 10 input users are considered, in most of the
simulations, more than one beam becomes active. This leads
to interference amongst the arrays, lowering the SINR values.
Taking into consideration one UE in a specific position, its
SNR will be higher when only one beam is active, whatever
the number of input users being considered. This doesn’t
automatically mean that it will have a higher throughput, as
proven by the results illustrated in figure 7, since this will
now depend on the number of UEs registered on that beam
that share, in an equal manner, the resources made available.

Between 40 and 100 input users, there is still an overall
throughput decrease, but not as aggressive as in the first
step. This is mostly due to the fact that as the number
users increases, so does their proximity. Therefore, the beams
that cover more than one user have to equally share their
resources, thus the average throughput offered by that beam
decreases. Furthermore, since the number of active beams
becomes higher, so does the interference, which leads to a
decrease on the overall UE SINR, making some of them below
the coverage limit, and in some cases, even if there are enough
resources available, the SINR does not allow to achieve high
data rates, resulting on this overall throughput decrease. Still,
in these extreme traffic demand cases, there are users that
can reach throughputs in the order of hundreds of Mbps. This
happens because they are covered by a beam that serves a
small number of UEs, if not only the one user.

When taking into consideration a random distribution of
users in a concentrated area, the results obtained for all the



antenna configurations show a similar behavior. Although
there is still a significant drop on the average throughput per
user on the first step of the input parameters, the computed data
rates with both 1 and 10 users are far greater. Seeing that all the
users are in a privileged location, in all the simulations every
UE is served, as opposed to what happened with the previous
distribution. This is why the average throughputs for 1 active
user are almost double from the ones achieved before, and why
the results for 10 users show an overall increase throughput
wise. In the high traffic scenarios, the results obtained are very
close to the ones achieved with the previous user distribution,
as opposed to what happens in the low traffic scenario. Given
that for each configuration all the input users are served, and
the number of active beams is now lower, there are fewer
available resources available for each UE. On the other hand,
the fact that the users are all concentrated in an area outdoors,
and in LoS greatly influences the outcome, as the SINR will
be high enough as to achieve higher throughputs. This is why
the results are similar.

C. Number of Active Beams vs Number of users

Fig. 8: Number of active beams and average throughput for
different input users for the hotspot scenario, for a random
distribution of users.

This analysis shows that there is an almost constant growth
of the average number of active beams as the number of
generated users increases, until the simulator processes more
than 60 users (in all antenna scenarios). However, this growth
does not translate into an increase of capacity. On the contrary,
it suggests that the number of beams that are made active is
not enough as to compensate for the increasing number of
users.

Keeping in mind the conditions to activate another beam,
the conclusion that can be drawn is that the interference caused
amongst beams is too great as to allow for an activation of
a higher number of arrays that would provide the expected
capacity increase. For example, the maximum number of
active beams for the hotspot scenario is 8, and the number
of beams available for this configuration is 78. The hotspot
configuration is the one that is able to activate a larger number
of beams. This difference between configurations is mostly
due to the fact that, since there are more beams available

in the hotspot setup, there are more combinations that can
be made between them. This higher number of possible
beam combination enables the simulator to achieve better
SINR results, which than lead to an increase on the overall
throughputs, allowing for the activation of a higher number of
beams.

D. Percentage of Served Users vs Number of Input Users

Fig. 9: Comparison between the percentage of served users for
a different number of input users, for a random distribution.

The percentage of users served in each configuration, and
user distribution, is not proportional to the number of available
beams or the number of input users, but it does although
increase with the number of active beams. Keeping in mind
the results achieved in subsection IV-C, where the number
of beams per configuration, with respect to the number of
input users, varied, here there are no significant variations
throughout all the number of input users - around 74%, as
shown in figure 9 - for all the antenna scenarios. Thus, this
leads to conclude that the final percentage of active users is
mostly dependent on the map itself, the UE location assigning,
and the azimuth parameter defined. In addition to this, the
available beams of each of the antenna’s configurations do not
offer a strong enough gain as to improve a UE’s SINR, when
it is in a unfavorable location, proven by the even percentage
of active users on both extremes of input users.

E. Average Throughput vs Number of active Beams in a Low
Load Scenario

In this analysis, 7 users are distributed all ver the map,
making this a low load traffic demand scenario. For several
of the simulations performed, one beam is selected to serve
the whole cell, which means that, for most of the cases,
the interference caused by another beam does not satisfy the
conditions that allow a second array to become active. Looking
individually to each set of results obtained with different
number of active beams in figure 10, in particular to the
hotspot and macro scenario, one can see that as the number
of beams increases, so does the average data rate per user in
an almost linear manner, hence for low load situations, as the
number of active beams increases, so does the cell’s capacity.



This makes sense since the number of resources available is
much higher, for the same number of users.

Fig. 10: Average throughputs achieved with different number
of active beams for each antenna setup in the low load case
and for a random distribution of users.

The throughput evolution of the highrise scenario, however,
is different from the rest. More than half of the simulations
show that the best option is with one beam serving the cell.
This is coherent to what was concluded before: the beams
available in this configuration are not the best suited for this
specific scenario. Keeping this in mind, and since the resulting
average throughput variation is almost non existent, when
compared to the other configurations, one can conclude that
for the low load case the combination of more than one beam
does not influence the overall results.

F. Average Throughput vs Number of active Beams in a High
Load Scenario

Fig. 11: Average throughputs achieved with different number
of active beams for each antenna setup in the high load case
and for a random distribution of users.

Looking at figure 11, one can see that within the same
antenna configuration the throughput variations are not greater

than 2 Mbps. Which leads to conclude that for high traffic
scenarios the impact of the number of active beams is not as
relevant as for the low load case. Even though the number
of resources available is greater when more beams are made
active, the interference caused by them on each other makes
the users to have a worst SINR, and so the throughput they
achieve does not benefit the average value.

The same thing happens for the concentrated distribution of
users. The variation between the data rates achieved within the
hotspot and macro configurations does not present significant
changes when the number of active beams increases. And
in the highrise setup, the impact of a higher number of
active beams has a negative effect on the overall throughputs
computed.

G. Scheduling Analysis

The goal of this study is to understand the best way to
process the generated users, in order to find the one that offers
the best beam combination, resulting in the best throughput
results. Since in sections IV-E and IV-F it was found that, for
high load scenarios, the number of active beams does not have
a significant impact on the overall cell’s capacity, these tests
are performed for a low load scenario, with 7 input users. The
tests were carried out with the hotspot configuration, given
that this antenna scenario provides a higher number of beam
combinations. Two different geometric user distribution were
used for four different user sweepings. The first sweeping has
a continuous anti-clockwise behavior, whereas the second and
third ones process the users from the front to the back of the
antenna and from the back to the front, respectively. The last
sweeping is a random one.

The results obtained show that the way that the beam
sweeping is made greatly influences the final throughputs
achieved. In all the tests, the number of served users remained
the same, with 5 out of the 7 users being served (71%). The
differences lay on the number of active beams and consequent
data rates achieved. Figure 12 and 13 suggests that the best
way to process the users is with sweeping number 2. The users
in farthest and in front of the antenna should be processed first,
followed by the ones in their left and then right. Although in
neither of the tests the method of sweeping achieves the best
results, they are not far from it, making it the best solution
from the established options.

V. CONCLUSION

After a careful assessment of all the analysis made, one
can conclude that, for the environment under study, and only
taking into consideration one antenna serving the whole area
under study, the configurations the offers the best results is
the hotspot one. This is mostly due to the fact that this
configuration has a larger number of available beams, and
so, the number of combinations that can be made allows
for lower interference amongst them, and in some cases, for
the activation of more arrays. Consequently, a higher number
of resources are made available, which is translated into a



Fig. 12: Average throughput per user for each sweeping test,
for the first user distribution tested.

Fig. 13: Average throughput per user for each sweeping test,
for the second user distribution tested.

higher average throughput per user, when compared to the
other antenna configurations.

Although the antenna’s total average throughput results, in
a snapshot situation for all the considered cases, indicate an
improvement compared to the ones offered by currently used
antennas in LTE, the overall average data rates may be under
the expectations, as beamforming capabilities were believed
to greatly support both the increasing number of added users
to the system, and the position disparity within them. Besides
not having an enormous improvement on the beam gains over
traditional antennas, there is a relevant beam overlap that
causes significant interference amongst beams, and so, for this
reason, the number of activate beams does not grow that much
with the number of UEs.
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