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Abstract: The growing demand for broadband Internet services is forcing scientists around the
world to seek and develop new telecommunication technologies. With the transition from the fourth
generation to the fifth generation wireless communication systems, one of these technologies is
beamforming. The need for this technology was caused by the use of millimeter waves in data
transmission. This frequency range is characterized by heavy path loss. The beamforming technology
could compensate for this significant drawback. This paper discusses basic beamforming schemes
and proposes a model implemented on the basis of QuaDRiGa. The model implements a MIMO
channel using symmetrical antenna arrays. In addition, the methods for calculating the antenna
weight coefficients based on the channel matrix are compared. The first well-known method is
based on the addition of cluster responses to calculate the coefficients. The proposed one uses
the singular value decomposition of the channel matrix into clusters to take into account the most
correlated information between all clusters when calculating the antenna coefficients. According to
the research results, the proposed method for calculating the antenna coefficients allows an increase
in the SNR/SINR level by 8–10 dB on the receiving side in the case of analog beamforming with a
known channel matrix.

Keywords: beamforming; 5G systems; MIMO; antenna array; channel matrix

1. Introduction

Symmetry is an international peer-reviewed journal, one of the areas of which is
devoted to the study of information technology and electronics. This direction addresses
the problems of telecommunications and next-generation communication systems. In this
article, we raise the issue of beamforming technology, which is an integral part of fifth gen-
eration systems. A ubiquitous change from 4G (fourth generation) to 5G (fifth generation)
in wireless communication systems is on the way in the nearest future. Nowadays, there
are many examples of successful implementation of 5G networks in the USA, Germany,
South Korea and other countries [1]. Behind a simple change in the name lie big changes in
the wireless telecommunications industry and the years of scientific and engineering work.
These changes affected all the qualitative and quantitative features of the new systems.
The introduction of the 5G technologies affects many aspects of our lives. First, the data
transfer speed significantly increases because of the higher bandwidth. This expands the
possibilities of VR video streaming (virtual reality) and remote services to use programs.
Next, the delay in data transmission is reduced. This allows real-time control of remote
devices over the Internet. Finally, it is possible to connect more devices to the Internet. This
takes a step towards the ideas of “Smart Home”, “Smart Manufacturing” and others. These
advantages are due to the move towards the millimeter frequency range. However, there
is one problem with this move. This is a significant signal attenuation when the distance
and frequency increase. Without compensating for this disadvantage, most of 5G benefits
would be unrealizable. Ultimately, this would lead to a reduction in the cell radius or to an

Symmetry 2021, 13, 2423. https://doi.org/10.3390/sym13122423 https://www.mdpi.com/journal/symmetry

https://www.mdpi.com/journal/symmetry
https://www.mdpi.com
https://orcid.org/0000-0002-9368-6181
https://doi.org/10.3390/sym13122423
https://doi.org/10.3390/sym13122423
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/sym13122423
https://www.mdpi.com/journal/symmetry
https://www.mdpi.com/article/10.3390/sym13122423?type=check_update&version=2


Symmetry 2021, 13, 2423 2 of 13

increase in the power consumption for signal transmission. The beamforming technology
has been proposed as a solution that allows the power to be focused in the direction of
the receiver. This technology is now finding its practical application after multi-array
antennas have rapidly been implemented. The research into beamforming technology is
of great importance today. Most of these studies are carried out by means of simulation,
which allows expanding the number of researchers and reducing the costs inherent to
natural experiment. As part of the 5G studies, a great number of statistical models have
already been developed. The examples of such developments include the ns-3 network
simulator [2] and the QuaDRiGa universal channel model supporting a millimeter-wave
range [3–5]. In continuation of these works, we implemented a model in MATLAB software
based on QuaDRiGa that provides the estimation of the signal power at the receiving
part equipped with the beamforming technology. This paper describes the model and
presents the simulation results for stationary scenarios of signal propagation in an urban
environment using millimeter-wave frequencies. In addition, we propose a method for
calculating the antenna weight coefficients and compare it with the existing method used
in the ns-3.

The essence of the beamforming technology is that an interference effect occurs be-
tween the signals sent from different antennas. This interference increases the signal
amplitude at the receiver side. In other directions, the amplitude decreases. The beamform-
ing schemes are subdivided into analog, digital and hybrid [6].

The basic idea of analog beamforming is to control the phase of each transmitted signal
using inexpensive phase shifters. Analog beamforming affects the gain of the antenna
array, thus improving its coverage. Only one beam can be generated per set of antenna
elements, in contrast to a digital beamforming scheme. The antenna gain caused by analog
beamforming partially compensates for the high millimeter-wave path loss. Therefore,
analog beamforming is a must for 5G millimeter-wave frequencies. Figure 1 shows a block
diagram of the analog scheme of beamforming [6].
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In digital beamforming, the signal is pre-encoded before being sent to the analog RF
(radio frequency) circuit. Several beams (one for each user) can be generated simultaneously
from the same set of antenna elements. A base station needs multiple RF circuits, one
for each user. Digital beamforming increases cell throughput because the same physical
resource block (PRB) can be used to transmit data for multiple users at the same time.
Figure 2 shows a block diagram of the digital beamforming scheme.
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Hybrid beamforming is a combination of analog and digital beamforming. It has the
advantages of both methods. This method requires fewer RF chain (radio frequency) than
digital beamforming. It is also more flexible than analog beamforming. Therefore, it is
assumed that 5G base stations will use some realization of hybrid beamforming [7]. The
block diagram of the hybrid beamforming scheme is shown in Figure 3 [6].
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Regardless of the beamforming scheme, each of them assumes the awareness of the
current state of the channel between a BS and a user terminal (UT). In the best case, the
channel state matrix H is known. Based on this matrix, antenna weights for analog beam-
forming or precoding matrix for digital beamforming are calculated. The article presents
one of the well-known methods for calculating weight coefficients and the one proposed by
the authors. In addition, the paper [8] should be mentioned, which addresses the same area
of research. In this paper, authors propose a zero-forcing based coordinated beamforming
scheme and consider wireless transmissions over directional multiple-input single-output
(MISO) two wave with diffuse power (TWDP) fading channels. Another good work on
this topic is [9]. In this paper, the authors propose a joint Tx–Rx beamforming with beam
selection and combining technique. This beamforming scheme improves the performance
of a wireless communications system using electronically steerable antenna arrays.

2. Materials and Methods for Calculating Antenna Weight Coefficients

The matrix of channel coefficients H has the dimensions U × S × N, where U is the
number of receiving elements of the antenna array, S is the number of transmitting antenna
elements and N is the number of clusters. A cluster is a group of beams reflected from one
object in free space. All these beams, reflected from the object, are characterized by small
delays relative to each other and strong correlation properties. Such cluster structure is
explained by the fact that real objects are not points in space, but rather volumetric objects
of a certain shape and, in most cases, with an uneven reflecting surface. Therefore, this
model describes a more realistic environment, which allows for reliable simulation data.
The number of clusters and their properties depend on the selected scenario. For example,
according to the recommendations of 3GPP_TR38.901 [10], for a macro urban environment
with no line-of-sight (NLOS), there are 20 beams, while in a scenario describing a rural
area, there are only 10 beams. In the channel matrix, the clusters are arranged in order
of increasing latency. The U × S × 1 section corresponds to a direct beam for LOS and
the first reflected beam for NLOS. Each value located at the intersection of u, s and n is
a complex value that characterizes the changes in the amplitude and phase of the signal
during transmission from the u transmitting element to the s receiving element for the
n cluster. In the general case, the vector along the N axis can be considered as the pulse
response of a pair of two antenna array elements.

The beamforming technology is based on maximizing the following equation:

G = argmax

{
N

∑
n=1

∣∣∣w′
rx ×Hn ×wtx

∣∣∣2}, (1)

where Hn is a matrix of dimension U × S corresponding to the cluster n, wrx is a column
vector of antenna coefficients of dimension U × 1, wtx is a column vector of antenna
coefficients of dimension S× 1, G is a beamforming gain and sign «′» means Hermitian
conjugation.

Thus, you should find such wrx and wtx values that will allow you to get the maximum
value of G.

Next, we will consider several methods for calculating the beamforming vectors at
the receiving and transmitting sides.

Method 1. The first method to be mentioned for calculating the beamforming vectors
is described in [2,11]. This method is used in the ns-3 simulator, and the calculation requires
complete information about the condition of the channel. At the transmitting and receiving
sides, the matrix of channel coefficients must be known. It contains pulse responses for
each pair of antenna elements at the transmitting and receiving sides.
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The calculation is based on the criterion for the maximum total signal power. The
following is the calculation algorithm. The first step is the calculation of the total channel
matrix for all clusters according to Equation (2):

Ĥ =
N

∑
n=1

Hn, (2)

Next, the correlation matrices Qtx and Qrx are calculated. Matrix Qtx determines the
correlation between signal responses across all transmitting antennas (between rows of ma-
trix Qtx). Accordingly, Qrx determines the correlation dependence between the responses
for all receiving antennas (between columns of matrix Qrx). The diagonal elements of
correlation matrix are correlation coefficients. One of the properties of correlation matrices
is symmetry with respect to the diagonal [12]. Equations for calculation Qtx and Qrx are
presented below:

Qtx = E
{

H
′
H
}

, (3)

Qrx = E
{

HH
′
}

, (4)

where E{} is the calculation of the expected value.
Antenna coefficient vectors are defined as eigenvectors of correlation matrices:

wtx = eig{Qtx}, (5)

wrx = eig{Qrx}, (6)

where eig{} is the function of calculating eigenvectors.
For the calculated values of wrx and wtx, the following normalization equation must

be executed:
tr
{

wtxw
′
tx

}
= 1, (7)

tr
{

wrxw
′
rx

}
= 1, (8)

where tr{} is the trace of a square matrix.
The obtained antenna weights are used when generating a signal at the transmitting

side and when processing a signal at the receiving side. This calculation method should
only be used in the case of analog beamforming. There is no way to distribute the beam
among the clusters so one beam is calculated for all clusters. This beam will allow you to
get the most power at the receiving side.

Method 2. As in the previous method, vectors of antenna coefficients wrx and wtx
are calculated on the basis of a two-dimensional matrix Ĥ. The more general information
about all clusters is contained in the final matrix of channel coefficients, the greater signal
amplification will be observed at the receiving side. The proposed calculation method
differs from the previous one in that it has the operation for obtaining a common two-
dimensional channel matrix Ĥ for clusters.

Initially, a three-dimensional channel matrix is initially converted into a two-dimensional
one as follows:

H→ H̃ = conc{vec(H1), vec(H2), . . . , vec(HN)}, (9)

where vec(. . .) is the function of transforming a matrix of dimension U × S into a column
vector US× 1 and conc{} is the function of concatenating arrays of the same dimensions.

Matrix H has dimension US× N.
Next, a singular value decomposition of the resulting two-dimensional matrix

is performed:
H = svd{H} = D ·A ·V′ , (10)

where svd{} is the singular value decomposition operation, D is the left-singular vectors
of H, V is the right-singular vectors of H.
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The final matrix is formed by transforming the first singular vector of matrix D:

h̃ = D̃l,1, l = 1, 2, . . . , L, (11)

h→ Ĥ = (ĥu,s)
U,S
u=1,s=1, (12)

where L is the value equal to the product of the number of receiving antennas U by the
number of transmitting antennas S.

Further calculation of the beamforming vectors can repeat the calculation algorithm
described in Formulas (3)–(6). Moreover, the resulting beamforming vectors of antenna can
be considered as left and right vectors of the singular value decomposition of matrix Ĥ:

Ĥ = svd(Ĥ) = D̂ · Â · V̂′ , (13)

wtx = V
′
s,1, s = 1, 2, . . . , S, (14)

wrx = Du,1, u = 1, 2, . . . , U. (15)

The beamforming vectors must also satisfy the normalization Equations (7) and (8).
The presented methods for the optimal calculation of beamforming vectors are of

theoretically directed interest and find their application in simulating beamforming algo-
rithms. These algorithms show the maximum possible power that can be achieved if there
is absolute knowledge of the transmission channel matrix. In practice, it is impossible to
obtain such comprehensive information about the channel, especially when using large
multi-element antenna arrays. In real systems, the channel knowledge is partial. Some of
these algorithms are described in [13].

3. Results and Simulation

QuaDRiGa (Quasi Deterministic Radio Channel Generator) is a model designed to
simulate MIMO radio channels under various configurations and radio propagation con-
ditions. This model is based on well-known geometric models of wireless channels such
as SCM and WINNER. It also employs new approaches to simulation by utilizing addi-
tional functions. These functions allow simulating dynamic scenarios including both the
movement of user terminals (UT) and the joint movement of BS and UT. In our model,
QuaDRiGa was used to obtain realistic channel matrices under various scenarios, propa-
gation conditions and various MIMO antenna configurations. More details about all the
capabilities of QuaDRiGa can be found in [5].

The authors in [5] describe the QuaDRiGa approach as a “statistical ray-tracing model”.
The main feature of this approach is that clusters are used to calculate the channel matrix.
The clusters are distributed randomly. This is the essence of “statistical” for this model. The
model does not need an exact geometric representation of the propagation environment.
The path in the model is determined by the angle of departure (AoD), the angle of arrival
(AoA) and path length. For QuaDRiGa model, the authors in [5] indicate the following:

• Quadriga uses 8–20 clusters to simulate a typical propagation environment for scenar-
ios with carrier frequencies up to 6 GHz.

• Each cluster consists of 20 sub-paths. The total number of sub-paths ranges from 160
to 400. Each sub-path is modeled as a single reflection.

• The sum of 20 sub-paths in one cluster is one resulting path.
• Each path is represented as channel coefficients between each pair of MIMO system

antenna elements.

3.1. Simulation

One of the main parameters characterizing a data transmission channel is signal-
to-noise ratio (SNR) at the receiving side. The SNR value in communication systems
affects many qualitative characteristics: the data transfer rate, the bit error rate (BER) and
packet error rate (PER). An increase in PER and BER can lead to increased network layer
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delay because of repeated packets. The beamforming technology, in general, provides the
increase of the energy efficiency of data transmission systems by means of a more rational
distribution of the radiated power. This energy efficiency gain can be used to both increase
base station coverage and reduce transmitter power consumption. The required SNR
level in the case of beamforming will be provided over longer distances than in systems
without beamforming. Increasing the BS coverage will reduce their number, which in
turn will affect the cost of network organization. Another method is to reduce the power
consumption of beamforming systems while maintaining the required BS coverage and
reducing the cost of equipment. Therefore, the SNR at the receiver side can be used to
determine the efficiency of the beamforming technology.

To calculate the SNR level of the user equipment that employs the beamforming
technology, we developed the model in the MATLAB software. The block diagram of the
model is shown in Figure 4.
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This model allows you to calculate the SNR level for any network configuration and
different scenarios, including propagation of radio signal in an urban environment, rural
areas, free space or in a building.

QuaDRiGa is implemented in MATLAB/Octave. The model was created using an
object-oriented framework that includes classes, methods and functions. The model has a
convenient user interface. Class parameters can be manipulated by the user [5].

The main QuaDRiGa classes used in our model are (Figure 4):

• “qd_simulation_parameters” defines the basic parameters and settings of the model,
for example: center frequency and sample rate. It also enables and disables some of
the model’s functions, such as the presence of geometric polarization, spherical waves,
displaying a progress bar;

• “qd_arrayant” defines” all the functions needed to describe multi-element antenna
arrays;

• “qd_track” is used to describe the user’s trajectory, speed change and radio wave
propagation scenario;

• “qd_layout” combines user track and antenna properties into a common object;
• “qd_channel” is the last executable class. Objects of this class contain the final channel

coefficients for each described segment of the track. It can output a matrix of channel
coefficients in both the time domain and the frequency domain.

The blocks “weight_calc” and “S(I)NR_calc” were implemented by us. The “weight_calc”
calculates antenna weights according to one of the methods described. The “S(I)NR_calc”
calculates the SNR or SINR (signal interference noise ratio) value depending on the
set scenario.
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3.1.1. Input Parameters

The input parameters of the model (Table 1) are largely determined by the capabilities
of the QuaDRiGa model. The features of this model were discussed in [3–5]. In the
implementation of our model, not all of its capabilities were used. The current version
enables the implementation of only stationary scenarios that do not consider the UT
movements or changes in channel conditions. Simulation of dynamic scenarios, which are
much more interesting, is planned to be added in future versions of the program.

Table 1. Input Parameters.

Parameter Description

Scenario
This parameter specifies the conditions for signal

propagation in the wireless channel, for example: presence
or absence of line-of-sight (LOS), urban or rural area, etc.

Number of BSs, NBS

The maximum configurable number of base stations is
limited only by the required memory. The minimum is

one BS.

Number of UTs, NUT
The maximum number of UTs is not limited by the

program. The minimum is one UT.

BS Position
An array with a dimension of 3 × NBS. Columns are

coordinates of the BS position in the Cartesian coordinate
system (x, y, z).

UT Position
An array with a dimension of 3 × NUT . Columns are

coordinates of the UT position in the Cartesian coordinate
system (x, y, z).

Minimum cell radius, Rmin
This parameter limits the minimum distance from the BS

to the UT.

Maximum cell radius, Rmax
This parameter limits the maximum distance from the BS

to the UT.

User Position Generation Mode

The program supports two modes of generating the user
terminal position. The first is the assignment of coordinates
randomly in the Rmin < r < Rmax area. The second is the

manual mode.

Center frequency, f0 Center frequency in Hz.

Transmission power, PTX Transmitted signal power of the BS in dBm.

Internal Noise Power, N0 Internal noise power of the UT in dBm

3.1.2. Scenarios of the Signal Propagation Environment

The universal model of the QuaDRiGa channel has more than a hundred scenarios that
describe various conditions for radio signal propagation. Each of the scenarios characterizes
the space and environment between the BS and the UT at a given time point or a given area
of space, depending on whether the model is stationary or dynamic. So far, only stationary
scenarios have been modeled. In general, many factors influence the conditions for radio
signal propagation. They include the housing density, the height of buildings, the material
of surrounding objects and the width and length of streets. Obviously, it is very difficult to
quantify such parameters. Therefore, each scenario in the QuaDRiGa is characterized by
a set of statistical characteristics of the signal in a particular environment. Many of these
characteristics were obtained empirically. These include the number of clusters, the density
of the signal cluster delay distribution, the correlation properties between clusters and
between the beams of the clusters, and the calculation of the attenuation coefficient.

The scenario of radio signal propagation significantly affects the efficiency of beam-
forming under various conditions. A particular impact will be exerted by the presence or
absence of line-of-sight (LOS or NLOS).
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To verify the developed model and to compare the proposed algorithm for calculating
antenna coefficient vectors with the existing one, several elementary cases were considered
under various conditions and with different service-area: up to 50 m (femtocell), up to
250 m (picocell) and up to 2000 m (microcell). Figure 5 shows the cases considered.
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Two cases were considered: when the user was placed at the edge of the zone without
interfering signal (LOS/NLOS scenarios) and with interfering signal (LOS/NLOS scenar-
ios). The first included one BS and one UT. In scenarios with two BSs, the second BS2 was
located at a distance of 2r. Figure 7 shows the signal propagation model for the second case
with two BSs and one UT.
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3.1.3. Antenna Model

The receiving and transmitting antennas were simulated using the capabilities of
QuaDRiGa. The main parameters of antenna elements were taken from TR 38.901, v16.1.0 [10].
The results presented below were obtained when implementing the MIMO 8 × 8 model
using symmetrical antenna arrays in which antenna elements are located at the vertices of
regular polygons [14].

3.1.4. Scenarios

When verifying the model and comparing the methods of calculating antenna weights,
two known channel models were used: the mmMAGIC model and the channel model
proposed in the 3GPP_TR38.901, based on WINNER [10].

The femtocell was simulated using 3GPP_38.901_Indoor and mmMAGIC_Indoor sce-
narios. These scenarios characterize the signal propagation environment inside buildings
in the area up to 50 m. The height of BS antenna was 3 m, and for UTs it was 1–1.5 m. The
femtocells are designed to expand cells in residential and corporate premises, unload the
network and provide communication at any internal point of buildings.

To simulate a picocell, the following scenarios were used: mmMAGIC_UMi_O2I, mm-
MAGIC_UMi, 3GPP_38.901_UMi_O2I, 3GPP_38.901_UMi. These scenarios are normally
used to model channels in a micro-urban environment to ensure both entirely external
communication and data transfer from buildings to the external BS. The BS antenna was
attached at the height of 10 m, and the UT at the height of 1–1.5 m. The cell radius of the
BS was 200 m.

The microcell was described in scenarios 3GPP_38.901_UMa and 3GPP_38.901_RMa.
The UMa scenario describes the macro-urban environment and the RMa scenario describes
the rural environment. The height of the BS antenna was 25 m, the UT was 1.5 m high. The
cell radius was 1 km.

More details about the main parameters of the scenarios are described in [3].

3.1.5. Calculation of Beamforming Vectors

The calculation of beamforming vectors was carried out with the two methods de-
scribed above.

3.1.6. SNR/SINR Calculation

For cases with one BS, the SNR for the UT was calculated taking into account beam-
forming and using antenna coefficient vectors obtained with the first and second methods.
The formula by which the calculation was performed is as follows:

SNR =
Ptx
PL · G

BW · N0
, (16)

where Ptx is the power of the BS transmitter, PL is the path loss in the channel, G is the
beamforming coefficient, BW · N0 is the internal noise of the UT.

For cases with multiple base stations, the interfering signal from the BS2 was addition-
ally taken into account, which was considered to be interference for the user. In this case,
the SINR value was calculated using the following formula [11]:

SINR =

Ptx,11
PL11
· G11

Ptx,22
PL21
· G21 + BW · N0

, (17)

where Ptx,11 is the transmission power of the BS1, PL11 is the path loss from the BS1 to the
UT1, G11 is the beamforming coefficient calculated for the BS1 and the UT1, Ptx,22 is the
transmission power of the BS2, PL21 is the path loss from the BS2 to the UT1, G21 is the
beamforming coefficient calculated for the BS2 and the UT1.



Symmetry 2021, 13, 2423 11 of 13

3.2. Simulation Results

The simulation results for different scenarios are shown in Table 2. This table shows
the average SNR/SINR at the edge of the cell as shown in Figures 6 and 7. The average
SNR was determined from 50 model runs. SNR/SINR was calculated for two cases. In the
first case, the beamforming coefficients were calculated by method 1. In the second case,
the coefficients were calculated by method 2.

Table 2. Simulation results.

Scenario NBS
PTX,
dBm

5.8 GHz 28 GHz 68 GHz

SNR/m1
dBm

SNR/m2
dBm

SNR/m1
dBm

SNR/m2
dBm

SNR/m1
dBm

SNR/m2
dBm

Femtocell, r—50 m

LOS
mmMAGIC_Indoor

1 20
59.8 74.6 49.2 60.8 38.7 51.8

3GPP_Indoor 56.3 69.3 44.6 55.6 36 46.9

NLOS
mmMAGIC_Indoor

1 20
27 43.1 9.2 20.9 1.1 13.6

3GPP_Indoor 29.9 43.4 8.5 23.2 1.9 15.2

Picocell, r—250 m

LOS

mmMAGIC_UMi_O2I

1 24

35.6 51.2 27.4 36.5 18.3 32.5
mmMAGIC_UMi 38 52.9 25.3 39.7 23.9 31.3
3GPP_UMi_O2I 35.4 46.6 25.5 35.9 20.9 27.4

3GPP_UMi 39.3 52.8 30.4 38.9 25.9 31

NLOS

mmMAGIC_UMi_O2I

1 24

−22 −10 −16 −22.9 −40.4 −29.8
mmMAGIC_UMi −17.9 −6.8 −21.4 −18.8 −39.2 −25.1
3GPP_UMi_O2I 12 23.5 −0.9 11.4 −21.6 −4.1

3GPP_UMi 11 23.5 −1.4 5.7 −10.2 0.7

Microcell, r—1000 m

LOS

3GPP_UMa_O2I
1

37

36.9 43.8 22.2 32.9 6.1 24.9
2 23.4 33.7 7.5 24.4 6.3 15

3GPP_UMa
1 32.1 44.4 25.3 40 24.6 33.5
2 25.3 32.1 19.9 30.3 11.6 21.3

3GPP_RMa_O2I
1 37.1 47.9 29.5 37 22.1 30.2
2 32.9 38.9 12.3 24.5 12.9 21.7

3GPP_RMa
1 37.2 49.6 30.9 42.3 26.8 34.3
2 30.3 40.1 26.5 34 15.3 25

NLOS

3GPP_UMa_O2I
1

37

8.2 15.7 −9 1.1 −19 −4.8
2 −1.4 9.8 −18 −5.7 −21.1 −11.2

3GPP_UMa
1 10.4 21.9 −14.1 −5.5 −24.5 −12
2 −0.6 13.3 −20.5 −14.6 −32.2 −19.8

3GPP_RMa_O2I
1 −1.6 12.2 −8.4 −2.9 −20.8 −9.4
2 −8.8 6.9 −17.3 −10.1 −28.6 −17.7

3GPP_RMa
1 −2.1 5.8 −18.3 −8.9 −26 −16.8
2 −9 −0.5 −25.5 −16.3 −33.4 −22.8

4. Discussion

In data communication systems, most characteristics are closely related to the SNR/SINR
value. An increase or decrease in this parameter that characterizes the channel leads to
a direct change in the parameters that characterize the system. In order to more clearly
compare and characterize the scenarios presented in Table 2, it is much easier to use the
channel throughput parameter rather than the SNR/SINR level. It is known that 5G is
an adaptive system that adapts to changes in the channel. For this, the system supports
multiple modulation and coding schemes (MCS) presented in [15]. The selected MCS
mode affects the throughput. We used the research in [16] to relate SNR/SINR, MCS
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and throughput. In this paper, the authors mapped the SNR/SINR values to MCS and
throughput.

When simulating a femtocell, the BS power was 20 dBm, according to the example
given in [17]. When comparing the obtained data presented in Table 1 with [16], we
found that, with LOS, data could be transmitted with the maximum MCS29 index for
all frequencies. This provides a throughput of over 1.7 Gbps. The throughput already
varies significantly depending on both the carrier frequency and the calculation method
chosen for NLOS scenarios. The throughput value is reduced by 8.5 for the first calculation
method for 68 GHz (MCS5–6), and by 2.2 for the second method (MSC16–18). Since the
standard deviation of the SNR values in the simulation was about 9 dB, then for the
second calculation method there are also values below 10 dBm for the frequency of 68 GHz.
Therefore, to deploy internal networks at this frequency, a LOS is required in the room
since various obstacles will lead to significant signal attenuation.

The BS power for picocell simulation was 24 dBm [17]. Picocells are characterized by
scenarios of data transmission from the BS to the UT that is located both inside the building
and in the external urban environment. For LOS scenarios, the throughput will decrease
from 1.7 Gbps (MCS29) to 1.2–1.5 Gbps (MCS25–20) as the carrier frequency increases
depending on the calculation method. For NLOS scenarios, the SNR value falls below the
threshold for the 68 GHz frequency; for the 28 GHz frequency, the values allow you to
get 150, 600 Mbps, for 5.8 GHz–600 Mbps, 1.4 Gbps for the first and second calculation
methods, respectively.

A microcell base station has a power of 37 dBm [17]. At the same time, the SNR level
above the minimum threshold for LOS and NLOS scenarios is retained only for the 5.8 GHz
frequency range. The influence of signal interference on the SINR level was additionally
checked in the case of two BSs in a microcell. In the presence of interference from the
neighboring BS, the calculated SINR level decreased by, on average, 8 dBm. The throughput
for 5.8 GHz in the case of the LOS scenario was 1.3–1.7 GHz, and for NLOS cases it was
414–676 Mbps for rural areas and 715–1037 Mbps for urban areas.

Comparing the two methods for calculating the antenna weight coefficients, we can
conclude that the proposed method has an average gain of 10 dB in comparison with the
one considered in article [2,11]. The model for each of the scenarios was run twice. The
first time the antenna weights were calculated according to method 1, and the second time
according to method 2. As a result, we compared the average signal power ratio for these
cases. The results are presented in Table 3.

Table 3. The ratio of the average power of the Prx,m2 (method 2) to the Prx,m1 (method 1).

Parameter Femtocell Picocell Microcell
No Interference Interference

Prx,m2/Prx,m1, dB (LOS) 12.4 10.9 9.1 9.7
Prx,m2/Prx,m1, dB (NLOS) 13.6 11.3 9.9 10.1

5. Conclusions

Beamforming technology is an important part of 5G systems since they use higher
frequency signals. From the conducted research, the obvious conclusion is that without
beamforming, it is impossible to provide an acceptable signal power at the receiving
side located at the cell edges at millimeter-wave frequencies. The lack of LOS for such
frequencies is a problem and leads to a significant decrease in signal power of up to
30–40 dB.

The proposed method for calculating beamforming vectors has shown its effectiveness
in comparison with the method proposed in [2]. The described model currently allows cal-
culating the SNR/SINR level only for stationary scenarios, without using all the capabilities
of QuaDRiGa. In the future, it is planned to implement a model that will take into account
the UT movements, changes in scenarios over time, delays in the process of calculating
antenna weight coefficients and the time spent on performing and transmitting the channel
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estimations. It is also planned to add algorithms for calculating weight coefficients based
on incomplete knowledge of the transmission channel.
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