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Abstract. The estimation of the direction of arrival (DOA) and beamforming
are the effective methods for the realization of spatial diversity. Several ap-
proved algorithms already exist for DOA and beamforming. The purpose of this
work is to verify the application of these existing algorithms for the massive
multiple-input multiple-output (massive MIMO) antenna systems in the fifth
generation wireless communication (5G). This investigation provides simula-
tion results of adaptive beamforming techniques with various planar array con-
figurations for massive MIMO and analyzes accuracy of the adaptive massive
MIMO antenna diagram according to the 5G requirements. Results of the cur-
rent research revealed that with the growth of the antenna elements from 128
not only the accuracy of the beamforming increases up to 4° resolution, but also
null steering becomes precise, which provides interference suppression up to
340 dB and accordingly meets 5G requirements up to 5° precision.

Keywords: 5G, massive MIMO, DOA, adaptive beamforming, LMS, planar ar-
ray, accuracy of beamforming, null steering.

1 Introduction

The development of the next generation wireless communication 5G demands much
higher requirements in comparison to the previous mobile generation. According to
the last technical specification, 5G technology should guarantee a higher capacity up
to 7,5 Tbps/km?, higher data rate up to 1 Gbps in DL and 500 Mbps in uplink (UL)
[1] and accordingly substantially higher requirements for angular resolution in down-
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link (DL) [1, 2]. 3GPP defines following angular resolution requirement: for moving
UE with speed up to 0,5 m/s it is defined to be less than 5°, for the moving UE with
speed up to 10 km/h it is defined to be less 10° and for the static UE it is defined be
less than 30° [1]. To realize these requirements in 4" generation networks (4G) is
impossible, so for 5G completely new technological solutions are needed. The mas-
sive MIMO technology in turn implies a large amount of antenna elements in arrays,
which is a precondition for a successful DOA and beamforming applications. That's
why the massive MIMO with its DOA and beamforming capabilities is one of the
most promising technology, which can meet defined 3GPP requirements for 5G.

The combination of both techniques, DOA and beamforming, enables robust and
spectrally efficient communication in a desired destination to a UE. DOA is a signal
processing technique, which estimates the bearing of the source location of corre-
sponding incoming signal. While an adaptive beamforming is a technique to form and
to steer a maximum radiation pattern of antenna into the bearing direction of interest,
whereas radiation pattern null are placed into the bearing direction of interfering
sources [3, 4, 5]. In particular, in 5G network particular interest lies in the steering of
the main lobe of the antenna, mounted on the Next Generation Node Base (gNB), to a
special user equipment (UE) location [6].

Two techniques, DOA and beamforming, are associated with each other: firstly, it
is necessary to estimate correctly a DOA of UE in order to set a corresponding direc-
tion of a beam from a gNB antenna, and secondly, to steer cooperatively a maximum
radiation of antenna in the bearing direction of UE. This cooperation admits to carry
out a reliable transmission between gNB and UE with high signal-to-noise ratio
(SNR) and low interference impact.

The material in the paper is organized in the following order. DOA and Beamform-
ing Techniques are formalized in Section 2. Simulation scenario and results are given
in Section 3. Finally, we draw the conclusions in Section 4.

2 DOA and Beamforming Techniques

2.1 DOA Preliminaries

The initial condition of high precision beam steering is correct DOA availability. The
estimation of the DOA is based on the measurements of time delays of incoming
wave front to the different antenna elements. Desired signal for DOA is termed as
signal-of-interest (SOI), whereby the interfering signal is termed as signal-not-of-
interest (SNOI). There are different methods of DOA estimation [7]. The most popu-
lar of them are Capon’s method, MUltiple Slgnal Classification (MUSIC) algorithm
and the Estimation of Signal Parameters via Rotational Invariance Technique
(ESPRIT) [3].
In this work we assume that DOA was correctly estimated beforehand, that is why

we further consider mathematical preliminaries of beamforming techniques.
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2.2  Beamforming techniques

The purpose of the beamforming is to generate a beam of a necessary shape and to
direct it to a desired location in real time, while suppressing interference [8, 9]. To
fulfill this, the signal processing on the gNB requires advanced beamforming capa-
bilities [8]. There are various methods to accomplish beamforming, which are dis-
cussed in the further classification due to the different categories.

In [3] beamforming classification includes two realizations: switched-beam and
adaptive array.

Switched-beam system realization utilizes predefined number of lobes in a beam-
pattern and switches between them during connection. There are several switched
beamforming techniques such as Butler matrix [10], Blass matrix [11], or Wullen-
weber array [12].

In adaptive array systems there are no predefined beams, but the antenna diagram
changes its shape and direction toward each dedicated UE adaptively, providing more
degrees of freedom. These technique is based on the so called weighting approach.
This means that the complex weights w; are instantaneously calculated by an adaptive
algorithm (fig. 1), in order to direct the maximum antenna radiation pattern toward the
UE and to steer null toward interference sources. In this sense the adaptive beamform-
ing is an iterative approximation of an optimal beamforming [13].
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Fig. 1. Block diagram of DOA and adaptive beamforming cooperation [3]

The weights w; can be generally described by [14]
wi = pel®i, (1)
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where p; is a gain magnitude and ¢; is a phase shift of i RF antenna element.
Output signal, multiplied by the beamforming weights on the receiving site, can be
represented by [15]

y =Ximwix = whx, (2)

where y is an output signal after receiving adaptive beamformer, x; is a signal arriving
from angle ¢;, w represents the K-length vector of weights, x represents the K-length
vector of received signals and the superscript ! is the Hermitian operator (conjugate
transpose). Expressions (1) and (2) include calculations to emphasize signals from a
dedicated direction while attenuating those from the non-of-interest directions, which
can interfere with the useful signal. This process is called as adaptive beamforming.
In this work the adaptive beamforming is the subject of investigation as the most at-
tractive technology for the 5G wireless communications [16, 17, 18].

Various algorithms for the adaptive beamforming exist, while most widely imple-
mented of them are Least Mean Square (LMS), Normalized Least Mean Square
(NLMS), Recursive Least Square (RLS), Sample Matrix Inversion (SMI), and Hybrid
Least Mean Square / Sample Matrix Inversion (LMS/SMI) [3, 19]. In current work
and further simulations LMS algorithm is implemented as it is considered to have
least computational complexity and high convergence stability [3, 20].

The functionality of the LMS algorithms is represented as follows. The output of
the antenna array can be expressed as y(¢) (3) [20]:

y(©) = s(®)a(8y) + L2 w(D)a(6;) + n(t) , 3)

where s(t) denotes the desired signal arriving at angle 6y and u; () denotes interfering
signals arriving at angle 6; ; a(6p) and a(0;) represent the steering vectors for the de-
sired and interfering signals respectively; n(t) is additive noise.

According to the optimization theory approach, named gradient method of steepest
decent, the definition of weights can be done by

wn+ 1) =wn) —uV(E{e*(n)}) , (4)

where w(n+1) is an updated weight, w(n) is a previous weight, u is a step size and
controls the convergence characteristics of LMS, E depicts an expected value of the
mean square error ¢’(n), which can is described by

e’(n) = [d-y]*, )

where one can observe that the e?(n) is mean square error between the beamformer
output y and the reference signal d.
The gradient represents a vector of partial derivations of mean square error E with

respect to weights:
a(E{e?(m)})
aWO
V(E{e*(m)}) = = : )
I(E{e’m)

aWL
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Using this LMS method, the following simulations were done in order to steer
beam toward the desired signal and to place null toward the interfering one.

Another category for the beamforming classification can be defined according to
the placement of digital-to-analog converter (DAC). If single DAC is used for all of
antenna elements, analog beamforming term is used. In contrast to this, if multiple
DACs are implemented after each antenna element and the processing of signals from
all antenna elements is done simultaneously, then digital beamforming term is used.
Both schemes have pros and cons.

Analog beamforming scheme has a lower power consumption and lower computa-
tion complexity then a digital one. From the other hand as only a single radio-
frequency (RF) chain for all antenna elements in the analog scheme is available, it is
possible to form a beam only to a single direction at any given time [6]. Whereby the
digital scheme has more flexibility and allows to form a beam in many directions
simultaneously. However, digital scheme requires a dedicated RF chain for each an-
tenna element, which increases a transmit power.

To improve the power consumption parameters and still to benefit from the multi-
ple directional beamforming at the same time the hybrid beamforming technique was
developed. It combines the advantages from the former both and is recommended for
5G applications by 3GPP [21]. The DACs are coupled via RF chains (fig. 2) with the
specified groups of antenna elements, but not with each of them, which reduces the
power consumption and provides a sufficient number of analog beams into the differ-
ent directions at the same time [6].

RF chain #1
- -
— H IFFT DAC
Digital Phase shifter
MIMO Preco .
Encoder
der
-+ reJoleJe)
N o 0000
i IFFT DAC O OO
reJolele)
Digital precoding Mixer Subarray #N

Analog Beamforming

Fig. 2. Block diagram of hybrid beamformer [21]

The next one category in the beamforming classification is antenna elements con-
figuration. Antenna elements can be arranged in various geometries, for example, in
linear, circular or planar configurations [7]. In this work planar antenna array is inves-
tigated and simulated as it is recommended by 3GPP for 5G, where it is termed as
uniform rectangular panel array (URPA) [22].
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In the next section we will describe simulation scenario to illustrate our investiga-
tion.

3 Simulation Results

3.1 Simulation scenario

Given initial conditions in these simulations were chosen regarding to the 3GPP re-
quirements for the angular resolution up to 5° in 5G wireless communications, as
described in section 1. Namely the assumption for the simulation was made as follows
(fig. 3), the UE with SOl is located with the elevation angle 6=32° and azimuth angle
¢=50° related to the gNB; the interfering UE with SNOI is located close to the SOI
UE with 6=36° and ¢=54°, and results in only 4° deference between the SOI UE and
SNOI UE in both elevation and azimuth direction. Therefore, this scenario assump-
tion satisfies 3GPP requirement with 1° margin.

<V

Fig. 3. Assumption of the UE positioning for beamforming simulations

The gNB antenna system is placed in the point of origin of the coordinate system.
Fixing these positioning parameters for UEs and gNB, different antenna array config-
urations on gNB were investigated in order to investigate which configuration is ap-
propriate to attain the beamforming accuracy in 5G requirements.

Another assumption in this simulation is that the DOA were estimated correctly
and thereby known in advance.

As justified previously in this work, the adaptive beamforming with LMS algo-
rithm and the antenna system on gNB with planar array were considered to be used
for the simulation. The planar array was investigated with various number of antenna
elements. As actual developments of massive MIMO systems are focused currently
on antenna arrays with 64 and 128 antenna ports, in this work these antenna elements
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number are taken as a foothold for the further investigations. To analyze the lower
and upper boundaries, the planar arrays with 16, 256 and 1024 antennas elements
were taken into the account. The sequence of simulation cases is considered as fol-
lows. The first scenario includes 4x4=16 antenna elements in a planar array; the sec-
ond scenario 8x8=64 antenna elements; the third scenario 8x16=128 antenna ele-
ments; the fourth scenario 16x16=256 antenna elements and the fifth scenario in-
cludes 32x32=1024 antenna elements.

The goal of the simulation is to investigate, how precise is LMS beamforming and
null steering technique realization for the scenario including UE with SOI and UE
with SNOI, depending on the different antenna elements number.

3.2 Simulation results

The simulation results of the assigned task are illustrated in the fig. 4-8 and described
further.

In the fig. 4. the beamforming pattern of planar array with 16 elements is present-
ed.

Elevation, theta [deg]

250 300 350

150 200
Azimuth, phi [deg]

Fig. 4. Adaptive beamforming pattern using planar array
with 4x4=16 elements, SOI: 6 =32°, =50°; SNOI: 0 =36°, p=54°

The maximum radiation of antenna is depicted as a bright yellow area and in this
case is directed quite close to the desired location of SOI UE (6=32°, 9=50°). Howev-
er, this maximum does not achieve the SOI UE, but SOI UE lays still in the slope of
maximum (depicted as orange area) with the radiation level by -6,36 dB. The interfer-
ing source, UE SNOI, lays in the position of elevation 6=36° and azimuth ¢=54°. So
the radiation from gNB antenna is supposed to be suppressed in this direction by null
steering (minimum of radiation is colored in black on the diagram). However, the
radiation field in this location, at 6=36° and ¢=54°, is -13,12 dB, which does not cor-
respond to the null of the antenna pattern, but lays in the piedmont of the beam and
marked in green color. So, the difference in the beam radiation level between the
desired UE and interfering UE is 6,76 dB. For the better visuality the 3D view of the
pattern is placed in the right corner of the figure, whereby the color palette replicates
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2D layout, bright yellow means the highest value of the field strength, colors from
dark blue till the black means the lowest value of the radiation field strength.

The next simulation case uses the same position coordinates SOI UE (6=32°,
¢=50°) and SNOI UE (6=36°, ¢=54°), but applies a planar array with 8x8=64 antenna
elements. The results of the the second simulation case are depicted in the fig. 5. One
can observe on this diagram, that the maximum of the beam became more
concentrated on the one spot and the beam pattern grew narrow in comparison to the
first simulation case. Herewith at the location of SOI UE the value of the radiation
field strength is -5,076 dB and at the SNOI UE location -133,2 dB, which provides a
much better diversity of about 128 dB suppression between two terminals, than in the

first case. This practically exludes the interference impact.
90 g
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Azimuth, phi [deg]

Fig. 5. Adaptive beamforming pattern using planar array
with 8x8=64 elements, SOI: 6 =32°, =50°; SNOI: 0 =36°, p=54°

The third simulation case with its 128 antenna elements represents an interest in the ac-
tual developments in massive MIMO systems. The results of this simulation are depicted
in fig. 6. The radiation concentration got much more focused on the spot of interest and
the beam became even more narrower than at the second case. To SOI UE is dedicated
higher radiation level -1,087 dB and one can see in the diagram that the SOI UE is now
inside of the bright yellow ring. From the other side the null is placed exactly on the SNOI
UE spot with its radiation field strength -333,4 dB.

—0
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Fig. 6. Adaptive beamforming pattern using planar array
with 8x16=128 elements, SOI: 6 =32°, =50°; SNOIL: 6 =36°, p=54°
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The fourth simulation demonstrates the results of the case, which contains a higher an-
tenna element number than a common development case, namely the planar array with
16x16=256 antenna elements (fig. 7). The beam maximum is directed toward the SOI UE
with the radiation level -1,076 dB and one can see in the diagram that the SOI UE is now
inside of the bright yellow ring. The null is placed exactly on the SNOI UE spot with its
radiation field strength -335,7 dB. This simulation case has no big difference in compare
to the previous one with 128 antenna elements.
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Fig. 7. Adaptive beamforming pattern using planar array
with 16x16=256 elements, SOL: 6 =32°, =50°; SNOLI: 6 =36°, p=54°

The results of the last simulation case with large number of 32x32=1024 of antenna
elements are showed in the fig. 8. The beam is directed exactly to the SOI UE, since
the radiation level reaches here its highest value, as one can recognize in the diagram.
At the same time the beam achieves here the narrowest form. In conduction with the
highest field strength among all simulation cases it means, that this configuration pro-
vides the highest resolution of the beamforming. Moreover, the null steering has in this
case the highest suppression of the antenna radiation in comparison to other simulation
cases.

phi: 54
theta: 36
Level: -339.7

0

3D view "

0 50 100 150 200 250 300 350
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Fig. 8. Adaptive beamforming pattern using planar array
with 32x32=1024 elements, SOI: 0 =32°, ¢=50°; SNOI: 8 =36°, ¢p=54°
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Another interesting fact can be seen here, that with a such large number of antenna
elements the side lobes of the beamforming diagram practically absent. The summary
of simulation results is presented in table 1.

Table 1. Simulation results summary

Array configuration, SNOI 5G requirements fulfillment
number of elements suppression, dB for moving UE 0,5 m/s
16 6 no
64 128 partially
128 332 yes
256 334 yes
1024 339,7 yes

It 1s well known, that angular resolution is tightly coupled with distance between
gNB and UE, that's why to reveal practical recommendations for beamforming tech-
niques deployment in 5G wireless communication systems and networks, let's now
check 4° resolution capabilities for SOI and SNOI terrestrial separation in various cell

types.

In the 3GPP specification [2] the following cell types are defined: indoor, dense
urban, urban macro and rural, with the corresponding cell radius in 20 m, 200 m, 500
m and 5000 m. According to this definition we calculated and plotted possible dis-
tance between SOI and SNOI, which can be provided when the beamforming accura-
cy 4° is sustained (fig. 9): spatial separation of UEs is possible: for indoor cells up to
1,3 m; for dense urban cells up to 13,9 m; for macro urban cells up to 34,9 m; and for

rural up to 350 m.

5000 .

&7

Fig. 9. Spatial separation of SOI and SNOI illustration for 3GPP cell types
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4 Conclusion

Different planar array configurations, recommended by 3GPP [13] for 5G wireless
communication systems and networks, were investigated in their resolution capabili-
ties of beamforming and the null steering. LMS adaptive beamforming algorithm for
planar antenna array configurations with 16, 64, 128, 256 and 1024 antenna elements
was realized via simulation model so that to investigate its angular resolution bounds.
Taking 3GPP requirement of 5° angular resolution for users moving up to 0,5 m/s into
account, the accuracy 4° with 1° margin was investigated in this work for different
planar arrays configurations.

Results of the current simulation research revealed that with the growth of the an-
tenna elements from 128 not only the accuracy of the beamforming increases up to 4°
angular resolution, but also null steering becomes precise, which provides interfer-
ence suppression up to 340 dB and accordingly meets 5G requirements with margin.

Although 16 and 64 planar antenna elements configuration does not meet 3GPP
accuracy requirements, it can cover another 5G goals, such as relaxed accuracy re-
quirements of beamforming for pedestrian and static use cases, or capacity growth
[23].

As for practical recommendations for beamforming techniques deployment in 5G
wireless communication systems and networks, possible distance between SOI and
SNOI, which can be provided when the beamforming accuracy 4° is sustained, is
following: for indoor cells up to 1,3 m; for dense urban cells up to 13,9 m; for macro
urban cells up to 34,9 m; and for rural up to 350 m.
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