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Abstract

With the increasing demand for network services and a growing number of users, 5G communica-
tion systems have stringent requirements to fulfill. Due to this reason, 5G systems should employ
capacity-oriented base station antenna arrays and beamforming techniques. In this regard, multi-
beam antenna systems have gained immense attention. Currently, there is a missing link between
antenna engineering and communication system design. Traditionally, antenna array design fo-
cused on optimizing free space propagation parameters like gain, directivity, sidelobe levels, etc.
However, in order to achieve maximum network capacity, antenna array and beamforming tech-
nigues should consider a realistic system model and propagation environment. In this thesis work,
we bridge the gap between antenna engineering and communication system design by proposing
a multi-user communication system model that considers channel modeling, modulation, and RF
aspects. Further, we use this model to assess the user performance in terms of Error Vector Mag-
nitude (EVM) and Bit Error Rate (BER) for various base station antenna configurations and user
positions. The results obtained showed that using an irregular antenna array at the base station
with 64 elements shows an improvement in the performance of the users. With the presented simu-
lation results, the system engineers can design efficient antenna arrays at the base station to achieve
good performance on the millimeter-wave frequency bands.
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Introduction

1.1. Background And Motivation

The fifth generation wireless communication system promises enhanced mobile broadband, ultra-
reliable, and low latency communication. The key technologies that enable this feature include
spatial-division-multiple-access(SDMA) and massive MIMO. In SDMA, multiple narrow beams are
transmitted simultaneously towards different users[10]. The SDMA and antenna technology are
closely linked to one another. Unlike the older generations of cellular networks where sector anten-
nas were in use, in 4G and beyond multi-user MIMO(MU-MIMO) is widely used [11]. Their efficiency
is more obvious in a multipath propagation context [12]. Spatial multiplexing can provide signifi-
cantly higher peak data rates, spectrum efficiency, and improved system capacity[13]. However, the
quality-of-service(QoS) for such systems are primarily constricted by the interference experienced
by the users, which is very much dependent on the correlation amongst the users. The inter-user
interference can be mitigated with the help of linear precoding techniques at the transmitter, such
as the zero-forcing (ZF) precoding.

Initially, massive multiple-input-multiple-output (mMIMO) was introduced as an asymptotic con-
cept where the base station(BS) antennas are increased to infinity. This theoretical assumption has
helped to draw interesting conclusions such as the effect of noise, fast fading and some kind of in-
terference and hardware impairments tend to vanish when averaged over infinitely many antennas
[14]. Practically, the number of antenna elements considered starts from 64 and is expected to go
up to 256. This results in a very large array gain and an improved energy efficiency since the entire
energy can be directed to a particular space. The millimeter wave(mmWave) bands allow placing a
large number of antenna elements in a compact structure. Recently, a lot of research work focuses
on using mmWave bands due to their potential to support higher data rates and larger bandwidth
[15]. However, mmWave massive MIMO poses several challenges. At these frequencies, the sig-
nals experience greater attenuation and hence results in increased path loss. Therefore, a high
beamforming gain is required to compensate for the increased path loss. Another challenge is the
hardware complexity for large arrays. Each antenna would require a dedicated Radio Frequency
(RF) chain and mixed analog-digital equipment for beamforming [16]. This motivates the use of
hybrid beamforming architecture, in which the number of RF chains and mixed analog devices is
considerably reduced. As a result, it provides considerable hardware reduction and power-efficient
solutions.
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MIMO coupled with orthogonal- frequency-division-multiplexing(OFDM) is a powerful combination
to achieve higher spectral efficiency. OFDM removes the inter-symbol interference(ISI) in frequency
selective channels by transforming a wideband channel into numerous flat subchannels [17]. More-
over, with OFDM, the equalization complexity is reduced drastically since equalization is done in the
frequency domain. MIMO-OFDM can take advantage of both spatial and frequency diversity while
providing high data rates [18]. This combination proves to be of great advantage in massive MIMO
context since OFDM can support more number of antennas and large bandwidth [19].

In order to achieve maximum throughput and capacity, the future communication system should
carefully consider all the above mentioned technologies. Until recent times, antenna designers
were focusing only on optimizing free space parameters such as half-power beamwidth, sidelobe
level, gain, etc. While this is true in traditional communications and radars systems, the signal-to-
noise ratio(SNR) enhancement in multi-antenna-based multi-user systems is achieved by spatially
distributing the power constructively to utilize the multipath environment [20]. Hence, there is a
growing need for antenna and beamforming techniques to consider realistic system models and
propagation environments.

1.2. Literature Review

Over The Air measurements have been used in the telecommunication industry since the time of 2G.
They were widely used to assess the performance of the radiation from the user equipment(UE). In
several cases, it is claimed that OTA is the only instance for objective RF systems evaluation [21].
A number of authors have recognized this method for testing of the massive MIMO systems for 5G
[11[22][23][24]. Antennas have always been measured in the anechoic chamber. However, with the
onset of 4G, it was required to generate identical independently distributed channels(i.i.d). These
were unable to create in an anechoic chamber since there was no delay-spread due to multipath.
Therefore, a reverberation chamber that can emulate Rich Isotropic Multipath (RIMP) was proposed.
As we move towards mmWave antennas for 5G, the scenario is different. At these frequencies, the
multipath effect is reduced, and the transmission will largely depend on Line-Of-Sight(LoS) or domi-
nant reflected or diffracted paths [1]. Hence, 5G systems are equipped with steerable beams which
are assigned to each mobile user. Such test cases are suitable to be conducted in the anechoic
chamber.

Reverberation (RIMP) g
3 = y
. A
> ot I - I
o3 Ll 2 - \
= o o P }
Ancchoic (LOS) Ancchoic (Random-LOS) | | yson o 50 assive MMO sysem

Figure 1.1: Figure showing how OTA testing has evolved from 3G to 5G (Adapted from [1])

Although some studies, such as [25], consider two extreme channel conditions (pure LoS vs. very
rich scattering) and claim that any propagation model is likely to provide a performance (statistically)
in between, such an assumption is, in general, not realistic. Besides, it is very important for the sys-
tem designers to predict the performance of the overall network under real application scenarios
before implementing each component. Moreover, such predictions can be very useful to improve
the overall system performance by optimizing the design of each component (particularly the base
station antenna array in our case). This can only be done via system-level simulations that rely on
physically meaningful and computationally efficient methods characterizing the wireless channel,
modulation, beamforming, and propagation scenarios.
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This literature study gives an overview of the current channel, propagation models, and system sim-
ulators developed by different academic/industrial institutions for the 5G Multi-User MIMO system.
Further, the existing MATLAB models are explored, which can be used in integration with the existing
models to propose a new design. In the following section, we will discuss the existing channel and
propagation models and then in a broader perspective, we will discuss the system-level simulators
that are available.

1. Channel And Propagation Models

2. System Level Simulators

1.2.1. Channel And Propagation Models

To develop capacity-oriented MIMO models, it is necessary to have an accurate representation of the
channel which is capable of including all the propagation mechanisms. There are several ways to
group the channel models-physical and analytical, time-invariant and time-varying, narrowband and
wideband channel models, etc. From a broader perspective, there are two types of channel models
available in the literature-Stochastic and deterministic channel models [26]. The stochastic models
compute propagation parameters like delay, angle of arrival, angle of departure, etc. based on para-
metric models which utilize known probability density functions. These models can be adapted to
various scenarios mathematically and are less accurate. Whereas, deterministic models compute
them accurately by solving Maxwell’s equation or other propagation equations. However, such mod-
els are computationally very complex [27]. Hybrid models are also available, such as QuaDRiGa
[28], which is a deterministic based stochastic channel model.

Examples of stochastic models include the 3GPP(3rd Generation Partnership Project) spatial
channel model [29], Winner Il [30], correlation-based stochastic models (CBSMs)[31], geometry-
based stochastic channel models [32][33] where scatterers are placed in a random fashion ac-
cording to certain probability distribution, Kronecker-based stochastic model (KBSM) [34], etc. In
their recent works, [20],[35] the authors used two different channel models- International Mobile
Telecommunications-Advanced (IMT-A) based NLoS(Non-Line-of-Sight) Urban Microcell and 3GPP
Rural Macrocell Path Loss Models along with QuaDRiGa for an optimized MIMO phased array de-
sign. They bring about an innovative array design by taking into account the whole propagation
scenario and characteristics of the environment. In this research, they define communication-link
quality based on the computation of time domain Green’s Function with the help of QuaDRiGa tool.
Finally, a capacity-driven antenna array model is proposed which is compared with the traditional ar-
ray design. It considers the optimization of clustered architecture for array design while considering
the channel aspects. A sum-rate capacity and average directivity were measured for these models
and the achieved results are reported. Finally, they compare the BER obtained using both models.
By incorporating the channel model into the antenna array synthesis, this study clearly shows the
high potential of a multidisciplinary system-level study for capacity improvement.

Another alternative to 3GPP spatial channel model is the NYUSIM channel models for 5G wireless
Communications [36]. This simulation tool is developed on a statistical spatial channel model for
mmWave applications. It provides accurate channel impulse responses in both time, space domain
and also gives realistic signal levels at a wide range of frequencies. The model is created based on
the mmWave measurements conducted in New York City [37]. Itis also argued in [36] that NYUSIM
produced more realistic simulations than 3GPP models. An example of a MU-MIMO system devel-
oped using the NYUSIM channel model is explained in [38]. A simple signal model is developed
for two types of precoders: Zero Forcing and Conjugate Beam-forming. Channel parameters were
obtained from the simulator and later a performance assessment based on the bit error rate for both
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precoding strategies is mentioned. However, this model assumes that we have a perfect knowledge
of channel state information at the base station and receivers.

Deterministic models include ray-tracing (RT) model [39], ray-launching (RL) model [40], and
map-based model [41]. Ray-tracing is majorly used for channel characterization in indoor environ-
ments since it alleviates site-specific measurement campaigns. The electromagnetic wave is sent
from the transmitter (TX) in RT modeling, which is presented as a series of rays based on geometric
optics (GO) and uniform diffraction theory (UTD). This model includes the geometric features ef-
ficiently, hence it is faster and less expensive compared to the measurement campaign methods.
However, the RT model depends heavily on various factors such as the environment, the objects
present, and the continual angular dimension of ray launching (RL) [42]. This technique has been
used in various research works to predict the propagation scenarios to evaluate the performance of
millimeter waves MIMO systems [42][43][44]. The RT algorithm used in [42] consists of two stages.
Firstly, visibility algorithm is used which creates a hierarchical database of the surrounding objects,
and its visibility relation which is used to trace the real paths. The second step is the field compu-
tation process. Transmission losses are computed based on Fresnel’'s coefficients, and diffraction
coefficients are calculated using Geometric Theory of Diffraction (GTD). Then the total electric field
is calculated by [42, Eq. 1]. With these parameters, different beamforming solutions were investi-
gated. In [43] and [44], the authors investigated the impact of forming a single-(multi-) lobe beam
towards the strongest multipath component(s) of a user on the SINR performance. These stud-
ies clearly highlight the strong connectivity between the approach to antenna beamforming and the
propagation environment in which it is placed.

In summary, the characteristics of the two widely used channel simulators discussed in this section
are summarized in Table 1.1.

Simulator | Features

QuaDRiGa [45]

Deterministic and statistical based channel model

» Different environment scenarios available-Indoor office, Rural
Macrocell, Urban Macrocell and Urban Microcell

Multi-frequency simulations (carrier frequencies from 500MHz to
100GHz)

« varying speed for UE

NYUSIM [37]

Statistical based channel model

» Easy user interface

» Frequency simulations for carrier frequencies from 2GHz to 73GHz
Available for various outdoor environments-urban microcell(UMi),
urbanmacrocell(UMa), and rural macrocell(RMa)

» Produces very accurate channel impulse response and signal levels

Table 1.1: Channel simulators

1.2.2. System Level Simulators

In this regard, we know that a complete 5G system development would involve consideration of
a wide range of factors like physical layer aspects, access control, bandwidth allocation, etc. which
can be managed easier with the help of simulators. Due to the complexities involved in developing
such an integrated simulator that considers all the factors, the currently available ones may consider
a subset of these factors [26]. Table 1.2 which is an extension of the list provided in [26], summarizes
the most widely used 5G channel simulators and their characteristics.
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Simulator ‘ Features

Wireless Simulator Evolution (WISE) [46]

System level simulations of 5G networks for multitier orientations
Source code is available for simulation

[47]
» Can be used for heterogeneous networks
» Simultaneous over numerous access technologies
* Open functional interfaces

[48]

mmWave transmission
User scheduling

Vienna 5G system Simulators[49]

Large scale 5G simulations possible with hundreds of nodes in par-
allel

Multi-tier orientation

For mm-wave frequencies and beyond

GTEC 5G Simulator

5G link level simulations
Transceiver implementation

RANPLAN

Supports AR/VR
Radio Network Planning
simulations for 100 MHz to 70 GHz

5G Toolbox by MATLAB

5G link level simulations
signal generation
channel modeling

[50](51][52]

based on circuit theory of communication
incorporates mutual coupling and multipath effects
Flexible frequency

ns-3 simulator [48]

Able to incorporate real measurements or ray tracing data
Includes detailed statistical channel models
User scheduling

Table 1.2: Examples of widely used 5G simulators with their main features
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1.2.3. Overview Of MATLAB Models

MATLAB along with Simulink is a promising platform to design and develop a MU-MIMO beamform-
ing system for 5G applications. The recently released 5G toolbox brings forth standard-compliant
functions and examples for design, simulation and performance evaluation of 5G New Radio(5G
NR) systems [53]. The supplementary toolboxes that can help in the complete design of the com-
munication system include the Phased Array System Toolbox, Antenna Toolbox, RF Toolbox, Com-
munications Toolbox, etc. In this section, we explore the various examples that can be used to
develop a MU-MIMO System for 5G and their features are summarized in Table 1.3.

A. Massive MIMO Hybrid Beamforming

This MATLAB example showcases the use of hybrid beamforming at the transmit end of a massive
MIMO system designed for both multi-user and single-user applications. Figure 1.2 presents a
functional model of the system. The base station and the receiver side antenna elements can be
set. It uses full channel sounding to determine the channel state information (CSl) at the transmitter.
There are two channel models available: One Ring scatterer model as well as MIMO flat fading
model(narrowband model). One ring scatterer model employs ray-tracing approximations with a
number of scatterers which are placed in a circle around the receiver [54]. The 3D radiation pattern
is obtained for both the transmit side and the receive side antennas. Apart from that, the analysis of
the system is done based on the QoS metrics calculated- EVM and BER.

User 1 ==

Data bits
per user

Transmitter

Peruser processing

:,] Encoder
Mapper

Digital
Precoding

Analog
Precoding

MIMO
Channel

Rx
Frontend

UserK

Ll Encoder,
Mapper

i

Fbb from
Sounding

MIMO
Equalize

Demapper,
Decoder

OFDM
Rx

Recovered
Data bits
peruser [MIMO Channel

Figure 1.2: Data transmission and reception model(Adapted from [2])

Data Transmission & Reception

B. Hybrid MIMO Beamforming With QSHB And HBPS Algorithms
In this example, a Simulink model of MIMO Hybrid beamforming is proposed. It consists of four main
parts: MIMO Transmitter, MIMO receiver, MIMO channel, and weights calculation for the beam-
former. The model compares two hybrid beamforming algorithms: Quantized Sparse Hybrid Beam-
forming (QSHB) and Hybrid Beamforming with Peak Search (HBPS). The results are verified by
plotting the constellation diagram and comparing the received symbol with the source constellation.
Figure 1.3 gives the Simulink model of this example.

Hybrid MIMO

ing with Sparse Beam: ing |

MIMO Channel

Weights Calculation

it

Copyright 2019 The MathWorks Inc.

Figure 1.3: Hybrid beamforming MIMO with sparse beam-space precoding(Adapted from [3])
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C. Modeling An RF mmWave Transmitter With Hybrid Beamforming

This example presents a system-level model of 66 GHz QPSK RF transmit-receive system consist-
ing of 32 element array(4 sub-arrays of 8 patch element array). Figure 1.4 gives a high-level model
of this example. This model considers the transmit array radiation effects, RF imperfections(noise,
antenna mutual coupling, non-linear effects), a narrowband receive array, and baseband receiver.
A text message is sent from the transmitter over the channel, which is a simple free-space path
loss model. It also corrects errors due to system impairments and message decoding. Apart from
that, the model employs the MUSIC algorithm to estimate the beamforming elevation and azimuth
angles. Hybrid beamforming weights are calculated by the MVDR algorithm(Minimum Variance
Distortionless Response). Finally, at the receiver, the message is demodulated and the EVM and
MER(Modulation Error Ratio) are displayed.

Retative Angle [RF mmWave Transmitter and Receiver with Hybrid Beamforming|

QaPsK
Receiver

FHello world 007" l-

Received Message

Hybrid Beamforming

Figure 1.4: System model with mmWave transmitter and Hybrid Beamforming (Adapted from [4])

D. 802.11ac Multi-User MIMO Precoding With WINNER Il Channel Model

This example demonstrates transmit-receive processing for IEEE 802.11ac for multi-user sce-
nario over a WINNER Il channel model [55]. We can have up to 4 users and 8 transmit antennas for
802.11ac. There is a specific time slot for each user, and the scheduler chooses the smaller packets
which are ready to be transmitted to other users. A precoding method is then employed in order to
be able to transmit multiple streams(maximum 8). Individually, the users would transmit their CSI
to the beamformer, and based on this, the precoding matrix is calculated. A random set of bits are
used as the data sent over the channel for each user. This data is recovered at the receiver side
and assessment of the system is done based on BER and EVM.

E. MIMO-OFDM Precoding With Phased Arrays
This example presents an asymmetric MIMO OFDM system for a single user(one base station com-
municating with one user). This system is capable of producing 16 independent streams with the
help of antenna elements at the base station. The maximum allowable number of transmitter anten-
nas at the base station is 1024 and for the receiver, it is 32. This data is transmitted over a spatial
channel model like WINNER Il and also scattering based channel model. The system performance
is measured with BER, EVM, and MER.
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Table 1.3: Relevant MATLAB Models

1.3. Conclusion Of Literature Study

With the shift towards 5G communication technology, MU-MIMO systems have become an integral
part. To facilitate maximum network capacity for 5G systems, antenna array and beamforming tech-
niques should consider realistic channel and propagation models. Current research studies show
there is a missing link between antenna engineering and the communication system, and there is a
growing trend to bridge this gap by characterizing antenna arrays within the environment.

In this literature survey, a compact, high-level research on 5G channel models, propagation sce-
narios, and system-level models for MU-MIMO was conducted. However, a closer look at the liter-
ature reveals some shortcomings and gaps. Let us have a brief look at some of the key references
discussed in sections 1.1, 1.2. (i)In [20], the authors propose a capacity-oriented array design using
the 3GPP channel model and QuaDRiGa simulator. However, complete consideration of the com-
munication system model with different modulation schemes and RF impediments is missing. Apart
from that, the study is done below 6GHz where the multipath is rich and the mmWave scenario is
not investigated. Furthermore, the mentioned approach examines the spatial diversity concept, yet
some important system aspects such as the trade-off between array gain and the number of multi-
path channels used, the complexity of synchronization of the multipath signals, fairness among the
users, etc. are missing. (ii)Previous research on ray-tracing revealed that its computational com-
plexity is high. Moreover, it is a slow process, and the model is heavily site-specific which cannot
be used for a generic study. (iii)Amongst the simulators, the network model proposed in [50][51][52]
does not consider a realistic channel model. Besides, in [50], it uses co-simulation in MATLAB and
EM simulation software, which can be time-consuming.

A more realistic channel modeling can be done in QuaDRiGa which can support multi-user, multi-
antenna technologies as well as different environments. We can track the users in an evolving
environment, which makes it easy to study the effect of the propagation environment on the per-
formance of the system. An alternative model would be the statistical-based NYUSIM model [38]
which has a well-designed user interface. We can easily select channel parameters and antenna
properties in the GUI. However, due to its statistical nature, you cannot choose the positions of the
user, which makes it difficult to assess the performance of the system.

A promising system-level simulator would be MATLAB which has various toolboxes like 5G Tool-
box, Phased Array Toolbox, etc. that is suitable for the design and analysis of MU-MIMO systems.
The MATLAB examples in 1.2.3(B), 1.2.3(C), and 1.2.3(E) are for single user scenarios and to ex-
tend it to a multi-user scenario might be complex. In model 1.2.3(D), there is an upper limit to the
maximum number of users, which is 4. This would limit our exploration of study in terms of capacity.
However, in model 1.2.3(A), we can define the number of users. Moreover, the flexibility in the an-
tenna array design is an advantage. Hence, this is a suitable model for multi-user scenarios which
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is designed at frequency 28 GHz that we are interested in.

In this section, we have identified the advantages/disadvantages of different simulators and se-
lected the most relevant and high-potential tools among them to be used in this thesis.

1.4. Aim Of Research And Novelties

The goals of the thesis are defined as follows:

1. To develop a 5G communication system model that includes modulation, channel, and possibly
RF aspects in a compact system model with flexibility in simulation scenario (environment
settings, user distribution, base station location, etc.).

2. Use the model to evaluate the performance of different antenna configurations and understand
the trade-offs.

We propose a MATLAB model in line with these goals for the thesis. The MATLAB example in
1.2.3(A) will be extended to modify the antenna design for the base station and user equipment. The
analysis can be done with the existing MIMO scatter-based channel model. Finally, the performance
assessment will be done using EVM, BER measurements.

In this thesis, a complete system model for multi-user scenario and multi-beam antenna arrays at
the base station has been developed. To our knowledge, this is the first time such a comprehensive
model has been presented in the literature. With the developed model, a novel investigation of the
impact of user location on the system performance is conducted. In a MU-MIMO system, interfer-
ence is heavily dependent on the spatial correlation among the users. With this study, we determine
the user position that achieves better performance. Another novel aspect includes the analysis of
the antenna array size and topology on the system performance. These parameters influence the
nature of beams assigned to the users and hence affect the overall performance.

1.5. Outline

The following is how the rest of the thesis is organized:

1. Chapter 2 gives an overview of the developed Multi-User MIMO system model and its compo-
nents. The considered channel model, beamforming architecture, and precoding strategy are
discussed in detail.

2. In Chapter 3, statistical analysis of the model is conducted. Different case studies are per-
formed using the developed model and results are presented.

3. A summary of the thesis is given in Chapter 4. We conclude the thesis with the findings from
the results, following which the future scope of the thesis work is outlined.






System Model

Traditionally, MIMO was intended for point-to-point communications. Over time, MIMO has been
extended for multi-user scenarios. A multi-user MIMO (MU-MIMO) system consists of a base sta-
tion with a large array of antennas that communicates with multiple users having single or multiple
antennas. Such systems are known to improve the capacity and coverage of the future communica-
tion system. It facilitates the spatial sharing of the channels, which can be attained by using multiple
hardware elements like antennas and filters. This way, such systems can provide high data rates
without compromising the spectrum bandwidth and energy consumption.

In this chapter, we look into the extended MATLAB model in detail. The model considers a multi-
user massive MIMO communication system with hybrid beamforming architecture at the transmitter.
Channel sounding is implemented to get Channel state information(CSI) at the transmitter. Multiple
data streams are OFDM modulated and transmitted from the users, which are received by simple
digital receivers. The performance of this system is evaluated by the popular figures of merit-Bit
Error Rate(BER) and Error Vector Magnitude(EVM).

MU-MIMO System Model
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Figure 2.1: An illustration of Massive MU-MIMO system consisting of M BS antennas and K users in a cell [5]
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Figure 2.2: Multi-User downlink communication model(red blocks are modified for our study)[2]

A representation of the Massive MU-MIMO system is shown in Figure 2.1. This model considers a
downlink MIMO-OFDM scenario in which a base station (BS) antenna array consists of M elements
and users equipped with L antenna elements each. The BS serves K users (K < M) in a cell
simultaneously by transmitting N data streams over n OFDM sub-carriers. N is upper limited by the
lower number of antenna elements presentin the BS, and the aggregate of all UE’s antenna elements
[58]. We assume a planar antenna array at the BS, while a linear antenna array is employed at the
user side. Figure 2.2 shows the block diagram of the downlink MU communication system for the
discussed MATLAB model. The highlighted red blocks are the ones that we modified for our study.
Let us consider the scenario where the BS transmits a single data stream to each user. These
streams are encoded using convolutional codes. In order to take advantage of the multipath during
propagation, a spatially multiplexed system needs to have knowledge of the channel profiles. These
profiles are called channel state information (CSI) which can be obtained by sounding the channel
with a reference signal. Since the model employs the Frequency Division Duplex(FDD) mode, the
BS broadcasts the pilot signals over all the M antenna elements to K users simultaneously over n
OFDM subcarriers. The users estimate the channel from these pilots and the channel estimate is
fed back to the BS, which is used to calculate the precoding matrices. This model assumes slow
varying channel and perfect feedback from all the users, while it does not consider quantization or
implementation delays. The channel model that is used for this system is similar to the ’One-Ring’
model, which creates a NLoS propagation scenario with the presence of scatterers around each
user. It takes into account the spatial locations of the transmit and receive array as well as the array
geometry.

As we are focusing on mmWave communication system, we require a large antenna array at the
base station. A large antenna array would mean an increase in the number of Radiofrequency(RF)
chains for each antenna element. This results in higher costs and energy consumption. A more
practical approach in such a case is to use hybrid transceivers, which use a combination of analog
beamformers in the RF domain and digital beamformers in the baseband domain. In this way, we
use fewer RF chains than the number of transmit antennas [58]. In this model, we consider the
number of RF chains to be equal to the total sum of data streams that are assigned to each user.
Further, we employ Joint Spatial Division and Multiplexing technique to obtain higher gains for the
FDD system with the reduced requirement on channel state information at the transmitter(CSIT) [59].
Following this, the data transmission is configured. This step involves the generation of transmit bits,
which are encoded using convolutional codes. Subsequently, the encoded data bits are mapped
onto Quadrature Amplitude Modulation (QAM) symbols for each data stream, which is then mapped
onto each RF chain. This is followed by applying baseband precoding weights to the mapped data
symbols, after which OFDM modulation with pilot mapping is performed. Finally, this transmit signal



2.1. Channel Model 17

is multiplied with the analog precoding weights and sent across the same channel which was used
for sounding to different users in the cell. At the receiver, these received signals are amplified by
the front-end amplifiers. At this stage, thermal noise is also added. Further, the received signals
are demodulated, and channel estimation is performed. Since we consider a wideband system, the
channel response would experience a lot of fluctuations and equalization should be performed to
have sufficient detection. The obtained CSI at the receiver is used for the soft decoding process
and a convolutional decoder is used to recover the data bits at each user.

2.1. Channel Model

One Ring channel model is a popularly used ray tracing channel model for fixed wireless communi-
cation systems where the BS and the users are at a constant position. The BS is usually elevated
and unhampered by the scatterers whereas the User Equipment (UE) is surrounded by local scatter-
ers [6]. They are placed in a ring of radius R around the UE, as shown in Figure 2.3. In this system,
we consider 100 scatterers around each UE. The radius R is dependent on the root-mean-square
(RMS) delay spread of the channel. The main parameters of the model are the distance D between
the transmitter and receiver, the scattering ring radius R, the angle of arrival © at the BS, and the
geometrical configuration of transmit and receive antenna. With respect to the antenna elements,
the incoming waves are within angles [@ — A, @ 4+ A] where A is the angular spread.

—

Figure 2.3: One-Ring Channel Model for a single UE (Adapted from [6])

The assumptions made in the model are as follows [60],[61]:

1. Each scatterer positioned at an angle 0 to the receiver is described by an effective scatterer
placed at the same angle on the scattering ring with center as the UE. Both the scatterers
are uniformly distributed in 8. Let S(6) be the effective scatterer located at an angle 6 and
¢(0) be the associated phase. ¢(0) is characterized by the dielectric properties and radial
displacement of the actual scatterer from the ring. Hence, all the rays impinging on the effective
scatterer S(8) would undergo a phase change ¢(0). The phase change is uniformly distributed
in (—x, ], independent and identically distributed (i.i.d.) in 6.

2. The rays with single reflection alone are considered.
3. All the rays arrive at the receive antenna with the same power.

Let us consider that we have Q effective scatterers S(6,) with g=1,2...Q. The complex path gain
between the base station element T4, and the receive antenna R4, is given as:

Q
| 2m

H :_J —Eae—e ex {—'—.D Ssce) + Dscoyor, ) +J e}de 2.1

= 75 ). \/6q=1( )exp == (Drap-see) + Dso)-ra) +#(0) (2.1)

Here, Dy_,y is the distance from X object to Y object and A is the associated wavelength. This way,
the channel coefficients are calculated for the One-Ring model.
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In this thesis work, we implemented an extended version to consider the scatterers placed in a
spherical volume around the UE. These scatterers are placed randomly in a defined boundary which
is the radius in X, Y and Z directions.

2.2. Hybrid Beamforming And Precoding

Massive MIMO systems experience two major problems:(i) a Large number of RF chains would
be required, which results in higher cost and power consumption (ii)obtaining CSI between each
transmit-receive antenna would utilize the majority of the spectral resources[58]. The concept of
hybrid beamforming presents a potential solution to these problems, and it was first suggested in
[62] and [63]. This model considers a reduced-dimensional baseband digital beamforming technique
used along with a phase shifter network to decrease the number of required RF chains [64]. Figure
2.4 depicts the hybrid beamforming structure employed at the BS. It comprises a baseband digital
precoder F;p that generates N outputs after processing N, data streams. These N outputs are
upconverted to RF domain and the analog precoder F,r maps them to nTx antenna elements. In a
fully connected structure, every RF chain is linked to all antenna elements using adders, as shown
in Figure 2.4. Such a system provides higher beamforming gain and beam agility at the cost of
complexity.

—
RF
Chain
ns . FBB ns
RF
Chain
—
Digital Analog
Precoder Precoder

Figure 2.4: Fully connected hybrid beamforming block diagram(Adapted from [2])

Since we consider the system to work in FDD mode, high overhead of the feedback of CSlI to
the transmitter, poses to be a big challenge [65]. For FDD systems, the spacing between uplink
and downlink frequencies are much larger than the coherence bandwidth[66]. As a consequence,
the channel state information at the transmitter (CSIT) has to be provided by the users to the BS.
Because of the massive MIMO scenario, feedback overhead would be larger, thus reducing the
bandwidth efficiency of the system. There are various works in the literature that focuses on the
reduction of the feedback overhead [67], [68]. One such technique is the Joint Spatial Division and
Multiplexing(JSDM) which was first proposed in [68]. The primary goal of this method is to group
the users that have similar covariance and also partition the beamforming in two stages. The first
stage is that of a pre-beamformer where the analog beamforming is based on the average CSlI, while
the second stage is the digital beamforming adapted to instantaneous CSI, obtained following the
pre-beamforming [58]. This way, JSDM naturally fits into the hybrid structure [59].



2.2. Hybrid Beamforming And Precoding 19

The analog beamformer utilizes the Block Diagonalization(BD) technique to suppress the inter-
group interference [64] performed over the averaging of the channel matrix across subcarriers. For
the sake of simplicity, in this model, we consider that each user belongs to its own group (grouping
not performed). Let H = [Hy, .., H,] be the overall channel matrix [59]. The Channel vectors for each
user is H, € CM*L where L is the number of antennas at the receiver. Further, b is the number of RF
chains and N; is the number of data streams assigned for each user. In order to make the notations
simpler, we are focusing on a fixed OFDM subcarrier. The received signal for all the served users
is given by the following equation [59, Eq. 6]:

y =HHVD + z (2.2)

where y is the received signal y € CX,V € ¢M*K s the precoding matrix,D € CX is the data stream
vector and z is the Additive White Gaussian Noise (AWGN) with i.i.d. of zero mean and variance
as one. The beamforming matrix is given by v = Fyp X Fzg where Fzr = B is the pre-beamformer
matrix(analog) of the dimension M x b and Fzp = (P, B,) is the baseband precoder matrix of
dimension b x K for each user K which is computed based on the effective channel matrix H = FzzH.
The equation 2.2 can be expanded as:

N
y=|: (2.3)
Yk

H{IBlpldl + Zk’¢1 H{IBlPk’dk’ + Zl
y = : (2.4)
HEB Pxdy + X1 ox HEB1 Pordyr + 2
In order to eliminate the inter-user interference, we need to impose the below-mentioned condition
in the BD algorithm:

HHEB ~ OV k' # k (2.5)

In the next section, we discuss in detail the BD approach.

Precoding

MU MIMO systems utilize the spatial dimension to make sure that the beams are formed in the direc-
tion of the user of interest. This is achieved by precoding the transmit signal at the BS. With precod-
ing, the transmit signal is distributed over each antenna element at the BS to achieve beamforming
of the signal towards the users [38]. The precoding weights can be computed from the knowledge
of the channel that provides us with the information of constructive and destructive interferences of
the beams in the form of complex gains associated with every transmit-receive antenna pair. There
are two kinds of precoding: linear and non-linear. Linear precoding transmits data linearly and can
achieve reasonable performance with lower complexity. Whereas, non-linear precoding techniques
are complex but can attain higher capacity. Some examples of linear precoding include Maximum
Ratio Transmission(MRT) [69], Zero-Forcing precoding(ZF) [18], Transmit Wiener precoding [70],
Minimum Mean Square-Error(MMSE) [71] etc. On the other hand, Nonlinear precoding is based on
the theory of Dirty Paper Coding (DPC).

In order to achieve better performance of the massive MU-MIMO systems, efficient multi-user
interference cancellation is required. Hence, precoding techniques such as Zero-Forcing is often
used for interference control. In this work, we apply a generalization of the fundamental ZF Beam-
forming technique called Block Diagonalization, which is used for the BS and UE equipped with
multiple antennas [72]. The fundamental ZF technique is suitable for single-antenna users where it
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completely diagonalizes the channel and cancels the inter-user interference. Conversely, if the user
has multiple antennas, this solution may not produce the same results because the user can now
coordinate the processing about its own receiver output. Moreover, if the antennas at the receiver
have a strong spatial correlation, complete diagonalization will reduce the throughput [73].

An assumption made in this algorithm is that the number of BS antennas are to be larger than
the total number of receive antennas. If f; = [HlT,---,HJ-T_l,H].TH,---H,f] be the channel matrix of
all user other than j, then the beamforming matrix of B; should lie in the null space of Flj for the
zero interference condition. This condition is satisfied when the rank (A;) < M. Now suppose,

N; = rank (ﬁ}) < L — Lj, then the Singular Value Decomposition (SVD) can be obtained as :

H
iy =035, |5 7| (2.6)

where Vj(l) represents the first 1\7]- right singular vectors and Vj(o) the last M — 1\7]- right singular

vectors [72]. Hence, V}(O) holds the orthonormal basis for the null space of unintended users H]- and
its columns forms the elements for the beamforming matrix B;. In order to have maximum data rate
transmission to user j, the pre-beamforming matrix can be calculated by the following:
B= 171(0)171(1) V}((O)V}((D] 2.7)
Hence, we now proceed with the calculation of the baseband precoder P which depends on the
instantaneous channel statistics. For every subcarrier, we perform the SVD of the reduced effective
channel for each user H;, = Bf'H,, in order to obtain the baseband precoder.

where V represents the baseband precoding matrix, which is nothing but P in our case.

2.3. Conclusion

In this chapter, we discussed an extended MU-MIMO system simulator developed in MATLAB based
on the model given in 1.2.3(A). We explored the different blocks of the communication model, out of
which, we delved into the details of the channel model and the beamforming architecture. A complete
NLoS channel model with scatterers arranged in one ring has been studied. Suitable beamforming
and precoding techniques for the FDD system were discussed. Finally, the model considers all
the main aspects of communication theory into account, in order to represent a realistic system
environment.



Analysis Of The Model

This chapter includes the detailed statistical analysis of the model discussed in Chapter 2. To begin
with, we will discuss the system specifications followed by case studies. Primarily, the case study
revolves around the two different planar array topologies designed for the BS: i)Regular array and
ii)Irregular array. We evaluate the performance of the users in terms of the BER and EVM for all the
cases. In this thesis work, the following cases are investigated for each antenna array topology:

» Regular/lrregular planar array at BS
1. Changing User position

(a) Change of user range
(b) Change of user azimuth
(c) Change of user elevation

2. Increasing the number of transmit elements

The above cases are performed with the extended One Ring channel model for different scattering
environments to study the multipath effects. A comprehensive study of each case will be discussed
in this chapter.

3.1. Model Specifications

A MU-MIMO communication model was developed for fifth generation wireless technology. Our
system consists of two users located several meters away from the BS in a single cell. The maximum
distance between the BS and users is taken to be 200 meters and the BS is assumed to be located
at [0,0,0] in the Cartesian plane. The users’ azimuth and elevation angles are defined within the
range [-60 60]° and [-15 15]°, respectively. These values are considered in accordance with the 5G
standards. A simple realization of the explained simulation is depicted in Figure 3.1. The definition of
the coordinate system can be found in Appendix-A. For the BS, we consider two different topologies
in our analysis-(i)Uniform Rectangular Array(URA) and (ii) Irregular antenna array designed for the
mmWave frequency 28GHz. On the other hand, each user is equipped with a uniform linear array
with 3 isotropic antenna elements.

This work focuses on the multi-user downlink scenario, where the BS sends a single data stream
to each user. For most of the simulations, we keep the transmit power as a constant of 1 Watt since
we are dealing with a theoretical study with the main focus on the effect of interference between

21
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the users assessed based on EVM, BER, and not SNR. The data streams are encoded using con-
volutional codes and OFDM modulated before it is sent across a wideband channel. In this model,
we consider 10 OFDM symbols in a single slot, and each symbol comprises 234 subcarriers. Every
subcarrier carries baseband data which are independently modulated with Quadrature Amplitude
Modulation. For most simulations, we use a 16-QAM modulation scheme. For the channel model,
we have 100 scatterers placed randomly around each of the users in a sphere of radius R which
is dependent on the user’s range. With this channel, we simulate a complete NLoS scenario. A
complete model parameter list is summarized in Table 3.1. Further, the system is used for conduct-
ing the statistical evaluation of performance in terms of BER and EVM by changing user positions,
antenna array topology, and array size.

System Parameters | Values
Base Station(gNodeB)
No. of elements 64,256
Topology Regular, Irregular array
Array element Patch
Element spacing 0.51,0.61
Antenna Position[x,y,z] _ [0,0,0]
User Equipment
No. of elements 3
Topology Linear array
Array element Isotropic antenna
Element spacing 051
Position[x,y,z] Variable
Channel Number of scatterers 100
Radius of ring 0.1*Range of User
No. of subcarriers 234(based on [2])
OFDM Modulation Cyclic prefix length 64(based on [2]))
Subcarrier modulation 16-QAM
No. of users 2
Total no. of data streams 2
Azimuth scan [-60 60] deg.
Others Elevgtion scan [-15 15] deg.
Maximum range of users from BS | 200 meters
Operational Frequency 28 GHz
Noise Figure 6 dB(based on [2])
Code Rate 1/3(based on [2])
Table 3.1: Important System Parameters
User mapping
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Figure 3.1: User distribution in a cell
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3.2. Performance Metrics

Performance evaluation of a communication system is done using common metrics like EVM, BER,
and SNR [74]. For the developed system, we use two main performance indicators: EVM and BER
along with the constellation diagram. The receive constellation diagram of the equalized symbols
gives a qualitative measure of signal reception. Whereas, EVM and BER offer a quantitative assess-
ment of the signal received at the UE. BER provides the number of erroneous bits present. Due to
its simplicity in evaluation, it is a widely used performance metric amongst engineers and scientists.
It is calculated as the ratio of the number of error bits N,,.- to the total number of received bits N, ;;.
BER is a direct consequence of channel noise [74]. In our simulations, in most of the cases, the BER
for the users remains zero. The reason being, the noise level is low, and an efficient channel coding
is able to decode the data bits correctly. However, in cases when interference power is dominating,
we see that the BER is a non-zero value.

Nerr
BER = 2~ (3.1)
Nbits

Lately, the use of EVM as a performance indicator for 5G massive MIMO system has been high-
lighted in many research works [75], [76], [77]. For digital communication systems, it is an important
parameter that quantifies the modulation linearity of the transmitted signal. It helps to identify the
phase and amplitude deviations experienced by the transmitted signal as it traverses through the
channel [78]. To calculate EVM, we can use the equation 3.2. The EVM limits for different modulation
schemes for 5G NR signals set by 3GPP are given in Table 3.2.

1 N 2
LN s — s
EVMRMS = 1

Ly lsel’

(3.2)

Here, N is the total number of symbols, s,.(n) is the normalized received symbols after equaliza-
tion and s, (n) is the ideal value of the n* symbol [79]. This can be easily understood from Figure
3.2. The black dots represent the ideal symbols in this 16-QAM constellation diagram, while the red
dot is the received symbol. The average amplitude of the error vector P,,..,,- normalized to peak sig-
nal amplitude gives the EVM. EVM is frequently used to characterize signals that use the broadband
system for higher data rates due to the potential mixing of in-band frequency components. Since
EVM values are reported as normalized values, it enables us to use for direct comparison between
different modulation schemes[80]. When we consider a MU-MIMO system, precoding techniques
such as zero-forcing(ZF), Minimum Mean Square Error(MMSE), etc. becomes inevitable for a re-
liable data transmission [81]. Such precoding techniques are used to suppress the interference
between the users, provided that perfect CSl is available at the BS. However, when the CSl is ob-
tained after channel sounding, it will contain errors that might occur due to local oscillator, phase
noise, quantization errors, etc. [82]. Hence, the interference caused due to the inaccuracy in real-
time CSl is not suppressed by the precoding algorithms, and this raises concerns about the signal
to interference plus noise ratio as a performance indicator in MU-MIMO systems. Because the in-
terference value caused by inaccurate CSl is unknown, determining the SINR value in real-time is
not feasible. [79]. A comprehensive metric that can cover the inaccuracies due to CSl, as well as
interference between the users, is EVM. Moreover, compared to BER, it can be measured at an
earlier stage, i.e. before demodulation and demapping of the received signal.
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Figure 3.2: Ideal 16-QAM constellation diagram [7]

PDSCH Modulation | Limit(%)
QPSK 18.50
16-QAM 13.50
64-QAM 9.00
256-QAM 4.50

Table 3.2: EVM PDSCH Limits from

3GPP TS 38.104 [9]
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Currently, 5G base stations employ the regular periodic phased arrays. This topology is motivated
by the fact that it is easy to be designed and manufactured, as well as it is cost-efficient. For this case
study, we consider an 8x8 uniform rectangular array(URA) of patch elements as shown in Figure
3.3a. The array is placed in the Y-Z plane, and it is carefully designed in such a way that every
element is separated by a distance of 1/2 in order to avoid grating lobes. The single element of the
array is a patch antenna designed for the center frequency 28GHz. The design specifications of
the patch antenna are given in Table 3.3 and Figure 3.3b represents its radiation pattern. The 3-D
directivity pattern of the array is given by Figure 3.3c and the azimuth-cut is displayed in Figure 3.3d.
The maximum directivity obtained while using this array is 23.36dB at the broadside direction, and
the sidelobe directivity is 9.63dB. A higher back lobe is visible due to the limited length of the ground
plane of the patch element. The azimuth half-power beamwidth is measured to be approximately
13°. In the following sections, we investigate the use of this array at the BS for different case studies
as mentioned earlier.

Parameters Value(mm)
Length 5.1
Width 6.7

Ground Plane Length | 21.4
Ground Plane Width 214
Height 0.107

Table 3.3: Patch antenna element parameters

3.3.1. Study Of User Range

In this section, we study the impact of how changing the range of the users affects the performance
of the users in terms of EVM. Let us consider that User-1 is at a fixed position, i.e. situated at 50
meters from the BS. Table 3.4 summarizes the positions of the BS and the users in the system. The
azimuth and elevation of users are defined randomly. We transmit two data streams from the BS to
the corresponding UE and the performance is evaluated at the user end. Now, we conduct Monte
Carlo simulations for different ranges of User-2 and measure the EVM values for each user. The
relation between the range and EVM of users is depicted in Figure 3.4. In order to observe the data
trend, a curve fit of the EVM results are also plotted. It can be seen that the EVM of User-1 is almost
a constant, and it remains to be within 2 and 3.5%. For User-2, we see a higher fluctuation in EVM
between 0.5% and 5%. From the curve fit graph for User-2, we see a slight increase in the EVM
as the range increases. In general, it is hard to predict a trend for User-2 EVM values. The curve
possibly verifies that the EVM values are independent of the range. We see random fluctuations
in the EVM values, which could be the influence of rich scattering and multipath effects from the
channel.

Parameter BS | User-1 | User-2
Range(m) 0 50 50 to 200
Azimuth(deg) 0 26.732 | -54.372
Elevation(deg) | O 9.639 2.756

Table 3.4: BS and User position
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3.3.2. Study of User Position In Azimuth

The following case study highlights the effect of changing the azimuth separation of the users on
EVM and BER. For this purpose, we keep all the other position parameters as constant and vary the
azimuth of User-2 from -60 to 60° in steps of 6°. Table 3.5 gives the position parameters of the users
and BS. From Figure 3.5, it is evident that the azimuth separation between users plays a major role
in the EVM values. As User-2 moves closer in azimuth towards User-1 i.e. around -40°, we see
a steep rise in EVM for both users. User-2 reports the highest EVM of 37.746% when it is around
-40° in azimuth. Whereas, User-2 records a maximum of 24.021%. Both values are way above
the permissible limits specified by 3GPP [Table3.2] shown by the red line. In order to fall within the
interference limit, User-2 should be at an azimuth angle less than -50.67° and greater than -23.31°.
From the graph, we can see that as users get more separated in azimuth, there is a decrease in the
EVM values. The reason for such trends in the graph is due to the interference experienced by the
users when they are closely separated in azimuth. In this case, both the users are highly correlated,
and we see a decrease in the performance. Hence, we can say that from -50 to -35°, EVM values
are dominated by the interference effect. A closer look at the precoded transmit patterns of the BS
towards each user can help to understand graphs.

Parameter BS | User-1 User-2
Range(m) 0 50 110
Azimuth(deg) 0 -40 -60 to 60
Elevation(deg) | O 9.639 2.756

Table 3.5: BS and User position

Case-1
Let us consider the scenario when User-2 is at azimuth angle -42° while User-1 is fixed at -40°. The
precoding weights obtained from the channel are applied to User-1 and User-2, and their directivity
patterns are shown in Figure 3.6. An interesting point to be noted is that for both the users, the
main lobe is not exactly directed towards the user and hence, the directivity values experienced
by the users are much lower(14.36dB for User-1 and 1.725dB for User-2). This is due to the fact
that when a generalized channel inversion technique is applied to suppress the interference, the
main lobe gets shifted away from the exact user location when both the users are closer to each
other in an attempt to cancel the interference towards the other user. Apart from that, we can
notice high side lobes, which contribute to the interference faced by the users. The interference
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is measured as the difference in the power directed to the main lobe and power directed to its
side lobes. Hence, the interference faced by User-1 is -25.03dB(14.36-(-10.67)) while User-2 faces
higher interference of about 2.598dB(1.725-4.323). This explains why User-2 has higher EVM than
User-1. The corresponding effect is also seen in the constellation diagram shown in Figure 3.7. The
EVM, BER values are summarized in Table 3.6. We can see that while User-1 is able to decode the
bits correctly, User-2 suffers from noise, resulting in errors while decoding.
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Figure 3.6: Directivity pattern after applying precoding weights when User-2 is at an azimuth angle -42° (a)User-1(b)User-2

User EVM BER
User-1 8.428% 0.000

* No. of bits=3114
* No. of errors=0

User-2 37.746% 0.019

* No. of bits=3114
* No. of errors=62

Table 3.6: EVM and BER values when User-2 is at -42°(Azimuth)
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Case-2

Now, let us explore the case when User-2 is at azimuth angle 48°. The directivity of the precoded
patterns for both users is given in Figure 3.8. We can observe that compared to the previous case,
the directivity values towards the users have improved drastically, with User-1 having 21.4dB and
User-2 with 19.65dB. Apart from that, there is a considerable reduction in the interference experi-
enced by both the users, i.e. -56.21dB and -37.56dB for User-1 and 2 respectively. The constellation
diagram is given in Figure 3.9 and EVM, BER values are specified in Table 3.7. We can see that the
obtained constellation diagram is of high quality. As a result, the EVM and BER values have also
been reduced.

%iae:tivity pattern after applying Precoding weights for User-1 Pﬂi:;ectivity pattern after applying Precoding weights for User-2

80
60
40

20

Elevation(deg)
L=
Directivity (dB)
Elevation{deg)
o
Directivity (dB)

-20

-40

-60

-80

-100 -100 70
200 -150 -100 50 0 50 100 150 200 200 -150 100 50 0 50 100 150 200

Azimuth(deg) Azimuth (deg)
(a) (b)

Figure 3.8: Directivity pattern after applying precoding weights when User-2 is at an azimuth angle 48° (a)User-1(b)User-2

User | EVM | BER
User-1 0.827% 0.000

* No. of bits=3114
* No. of errors=0

User-2 1.108% 0.000

* No. of bits=3114
* No. of errors=0

Table 3.7: EVM and BER values when User-2 is at 48°(Azimuth)

Hence, we can conclude that when users are spatially separated well enough in azimuth, the
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Figure 3.9: Constellation diagram (a)User-1(b)User-2
performance of the users is improved. The angular separation is influenced by the beamwidth of the
assigned beams. The minimum angular separation between the two beams should be at least the
value of beamwidth in order to have low interference. In some research work like [83], the author
discusses an interference aware approach where users have angular separation greater than the
half-power beamwidth of the regular antenna array.

3.3.3. Study of User Position In Elevation

In this case study, we are going to investigate the influence of changing elevation of the users and
evaluate the performance in terms of EVM and BER. Let us assume that User-1 is fixed at the range
50 meters and User-2 at 110 meters from the BS. Both the users are closely separated in azimuth
and elevation. The user and base station positions are provided in Table 3.8. We perform Monte
Carlo simulations for the system by varying elevation angles of User-2 from -15 to 15° in steps of 3°.
The graph in Figure 3.10 depicts the EVM versus elevation angle for both User-1 and User-2. We
can see from the figure that there is an increasing trend in EVM when the User-2 is approaching the
elevation angle of User-1, after which the EVM curve descends. A similar observation was made for
the azimuth angle case study. The resultis as expected, since the downlink interference between the
User-1 and User-2 beam increases when the users are closely separated in azimuth and elevation.
It can be noted that for User-2 until 0°, we have permissible EVM values, after which the values are
considerably larger than the upper limit specified by 3GPP which is shown by the red line. Apart
from that, it can be seen that User-2 faces less interference from User-1 up to 2°, after which the
EVM values of User-2 rise above User-1. This could be because the interference faced by User-2
due to User-1 is more than the interference faced by User-1 due to User-2. In the following part of
this section, we will investigate the case when the EVM value is the highest and the lowest.

Parameter BS | User-1 | User-2
Range(m) 0 50 110
Azimuth(deg) 0 20 24
Elevation(deg) | O 9 -15t0 15

Table 3.8: BS and User position

Case-1
Let us consider the scenario when User-1 and User-2 have the lowest EVM, i.e. when User-2 is atan
elevation angle -15°. Corresponding directivity plots after applying precoding weights to the transmit
array pattern are shown in Figure 3.11. By looking at the Figure 3.11a and 3.11b, we can calculate
the interference experienced by User-1 as -36.90dB and User-2 as -42.21dB. Table 3.9 provides the
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evaluated performance metrics for both users. Both users are having low EVM values while BER is
zero. This is further supported by a good quality constellation diagram of the received signal streams
given in Figure 3.12. Hence, we can conclude that even though the users were closely separated
in azimuth, by ensuring sufficient separation in elevation, we can control interference between them
to a larger extent.
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Figure 3.11: Directivity pattern after applying precoding weights when User-2 is at an elevation angle -15°
(a)User-1(b)User-2

User | EVM | BER
User-1 3.383% BER=0.000

* No. of bits=3114
* No. of errors=0

User-2 1.838% BER=0.000

* No. of bits=3114
* No. of errors=0

Table 3.9: EVM and BER values when User-2 is at -15°(Elevation)
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Case-2

When User-2 is at an elevation angle of 12°, it experiences a maximum EVM of 40.379%. In order to
get some physical insight, let us plot the directivity patterns of the precoded transmit array pattern.
From Figure 3.13a and 3.13b, we can notice that the main lobe of the beam is directed away from
both the users, which has lead to a decrease in directivity experienced in comparison to the previous
case. In addition, the interference faced by both users is very high with User-2 having -2.51dB and
User-1 with -6.834dB which is comparatively lower than User-2. This is because the users are highly
correlated and in such cases, BD precoding fails to mitigate the inter-user interference, and it leads
to reduction of SNR. This in turn results in worse user performance, which can be verified from
the constellation diagram in Figure 3.14 and the BER, EVM values in Table 3.10. User-1 reports
an EVM of 20.314% while User-2 EVM is about twice that of User-1. From Figure 3.14a, we can
observe that the received symbols cloud around the idealized symbol points due to the influence of
noise. However, the received symbols fall within the decision boundaries due to which it is able to
decode the bits without error. Whereas, the constellation for User-2 in Figure 3.14b shows that the
received symbols are spread and also overlap with each other, which makes it hard for the decoder
to recover the data bits. Hence, we have a BER of 0.07 for User-2. A point to be noted in this case
is that the reported results would improve in situations where the users are well separated in the
azimuth direction.
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User EVM BER
User-1 20.314% BER=0.000

* No. of bits=3114
* No. of errors=0

User-2 40.379% BER=0.070

» No. of bits=3114
* No. of errors=219

Table 3.10: EVM and BER values when User-2 is at 12°(Elevation)
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3.3.4. Increasing The Number Of Transmit Elements

In this case study, we investigate the effect of increasing the number of elements in the BS antenna
array on the performance of users in the system. We consider a 16x16 uniform rectangular array at
the BS, i.e. we have M=256 patch elements as shown in Figure 3.15a. The 3-D radiation pattern for
the array is given in Figure 3.15b and the azimuth cut is displayed in Figure 3.15c. We can observe
that increasing the array size has resulted in increase in the directivity of the mainlobe to about 27.4
dB. Another important fact to take into account is the reduction in beamwidth. For this case, the
half-power beamwidth in azimuth is about 5.52°. A reduction in beamwidth can in turn reduce the
interference between the users when they are closely separated. Hence, the performance of the
users will be determined by the correct application of precoding weights to reduce the interference
effects.

In this section, we will evaluate the performance of users when 16x16 URA is used at the BS and
compare it with the results of Section 3.3.1 to 3.3.3. To begin with, we perform the case study when
the range of the User-2 is changed progressively. We will be exploring if the change in the array size
would make an impact on the EVM values. Same user and BS position is considered as mentioned
in Table 3.4. The EVM values corresponding to both the arrays are plotted against the varying range
of User-2 in Figure 3.16. From the curve fit graph of M=256, we can notice that the EVM values are
almost constant as User-2 moves away from User-1. When we compare the EVM values between
the M=64 and M=256 antenna array, we see that in most cases, EVM values attained by the larger
array is less. This could be because the use of high gain arrays results in more received power to
the user and hence we have less EVM. A similar observation is made in [84, Fig. 8a], where the
author compares average received EVM as a function of array sizes for different channel models.
However, this effect is mostly observed provided the antenna array is able to steer the beam exactly
to the user location. Since we do not have a perfect channel, there can be the case when the main
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Figure 3.15: BS Antenna array design (a)Array Layout with M=256,(b)3-D radiation pattern of the array,(c)Azimuth cut

lobe of the beam is slightly shifted away from the user, which might result in higher EVM. Apart from
that, we notice that EVM values are fluctuating rapidly, which might be due to the rich multipath

nature of the channel.
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Figure 3.16: Comparison of EVM values for different array sizes for a varying range of User-2

Secondly, we conduct the scenario where the azimuth is varied for User-2. The user positions
remain the same as that of Table 3.5. Figure 3.17 draws a comparison of the EVM values obtained
for both the users for M=64 and M=256 elements at the BS. We can observe that there is a slight
improvement of EVM for User-2 while for User-1, we see a considerable reduction in the EVM. At
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around -42°, for User-1, there is a minimal decrease of EVM of about 2%. For User-1, there is a
reduction of about 7% at the two peaks, which are at -36° and -48°. The red line shows the specified
EVM limit. In order to fall within the permitted EVM limits, User-2 should be at an azimuth angle less
than -50.14° and greater than -27.63 while using the larger array. However, for the 8x8 array, this
range is less and User-2 should be at an azimuth angle greater than -23.09°. The reason for this
behavior could be because of the narrow beams generated when the antenna array size is increased
at the BS. This in turn facilitates less interference between users when they are closely separated.
However, this effect is not prominent as User-2 moves away from User-1, i.e. at an azimuth angle
greater than -20°. In this case, we do not see much difference between the M=64 and M=256 curves.

RMS EVM v/s Azimuth

U1,M=64
—Uu2M=64 | |
==%== U2 M=256
U1,M=256
EVM limit_| 4

RMS EVM(%)

Azimuth (deg)

Figure 3.17: Comparison of EVM values for different array sizes for varying azimuth positions of User-2

In the next case, User-2 is varied in elevation as mentioned in Section 3.3.3 (Table 3.8). The
EVM curves are evaluated for M=256 BS antenna array with respect to M=64 antenna array and
the results are depicted in Figure 3.18. For both users, we see that EVM curves for M=256 almost
follow the M=64 curve, with slight deviations at certain elevation angles. Additionally, both the arrays
achieve similar closeness where User-2 should be at an elevation angle greater than 0° to be within
the permissible EVM limits. Apart from that, we can see an improvement in EVM of about 8% for
User-2 in comparison to the M=64 curve of User-2 at 9°. This is due to the fact that the interference
experienced by User-2 for M=256 is about -9.35dB, which is lower than that faced by User-2 for
M=64 that is -5.709dB. When we have a larger antenna array, the beamwidth of the beams reduces,
which has helped to reduce the interference between the users.
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Figure 3.18: Comparison of EVM values for different array sizes for varying elevation positions of User-2
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From Figure 3.17 and 3.18, we can conclude that only for the higher interference region, we are
able to observe the improvement of EVM by using a large BS antenna array. Apart from that, the
nature of graphs is not smooth. It has fluctuations that arises due to the effect of rich scattering
channel with only multipath present. A point to be noted is that observations made are heavily
dependent on the nature of the channel(LoS, NLoS). Hence, we might see a different behavior for
the LoS case.

3.4. Irreqgular Planar Array At The Base Station
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Figure 3.19: BS Antenna array design, (a)Array Layout, (b)3-D radiation pattern of the array, (C)Azimuth Cut

In this section, we investigate the use of an irregular aperiodic array as the BS antenna array, where
the elements are organized in the Fermat lattice or sunflower structure. Compared to the periodic
arrays, aperiodic arrays have several advantages. Firstly, the sidelobe levels are profoundly reduced
without employing amplitude tapering. Another useful feature is the potential to use a fewer number
of elements in one single aperture without compromising on the bandwidth [85]. Finally, aperiodic
arrays decrease the effect of grating lobes due to incommensurable element spacing. The combined
benefits of the sparsed aperiodic array are observed in the sunflower topology. The speciality of this
configuration is that we do not have grating lobes and sidelobe levels are low. We will explore the
use of such sunflower array configuration at the BS and evaluate the performance of the users.
Further, we compare the results with that of the uniform rectangular array(regular array).
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Let us consider the BS antenna array consisting of M=64 patch elements arranged according to
the equations 3.3 and 3.4 where p,, is the distance from the centre of the spiral to the mt"* element, s
is the mean distance between the elements which is taken as 0.64. ¢,, is the angular displacement
between consecuti\\//(_a elements, and it is controlled by 5. The value of g corresponds to that of the

5+1
)
2

golden angle (8 = since it resembles the configuration of the sunflower seeds.

= E (33)

¢m = 2mmpf (3.4)

Figure 3.19a gives the layout of the BS antenna array and Figure 3.19b shows its 3-D radiation
pattern. From Figure 3.19b, we can observe that the pattern has a single narrow main lobe and
reduced sidelobe levels. The maximum directivity obtained with the array is 24.54dB, and the first
sidelobe directivity is about 6.8dB. The half-power beamwidth is calculated to be around 10.9°.

3.4.1. Study Of User Range

With the irregular array, we perform the simulation scenario where the range of User-2 is varied,
and the performance evaluation is conducted for both users in terms of EVM and BER. The same
position parameters are used as mentioned in Section 3.3.1, Table 3.4. The EVM results are plotted
against the range for both the users in Figure 3.20. It can be seen from the curve fit plots that the
EVM values are almost a constant for both the users. EVM values for the User-1 range between
1.65% to 3.05%. Similarly, for User-2 it varies between 1.65% to 3.3%. As mentioned earlier, these
fluctuations arise due to the nature of a rich scattering channel. The average EVM experienced
by User-1 for the irregular array is about 2.278% while by using the regular array we observe a
marginally higher EVM of about 2.872%. However, for User-2, while using the irregular array, the
average EVM experienced is about 2.468% which is slightly higher compared to 1.878% when the
regular array is used. Hence, we do not see much impact of using the irregular array topology at
the BS for this case study. A point to be noted is that these results are completely dependent on the
type of channel used. We might not observe the same results for other channel models.
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Figure 3.20: EVM v/s Range

3.4.2. Study Of User Position In Azimuth
In this case study, we are going to make a comparative analysis with the regular array and the
irregular array while the azimuth of User-2 is varied from -60 to 60°. The user and BS locations
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are summarized in Section 3.3.2, Table 3.5. Figure 3.21 draws the comparison between the EVM
values obtained while using irregular and the regular array for the mentioned case. We also plot the
permissible EVM limit (red line) specified by 3GPP for 16-QAM modulation, as given in Table 3.2.
From the figure, we observe that the maximum EVM reported by User-2 while using the irregular
array is about 31.77%, which is about 6% less than that reported while using the regular array.
However, for User-1, we might see the opposite effect at -42° alone. Let us have a closer look at
the precoded patterns for the irregular array given in Figure 3.22. The interference faced by User-1
is about -22.76 dB and for User-2 it is -0.145 dB. While using the regular array, we find that the
interference faced by User-2 is 2.598 dB which is higher in comparison to the value obtained by
using the irregular array. This is due to the lower sidelobe level for the irregular array. But for User-
1, we see that the interference faced while using the regular array is less, i.e. -25.03dB, and EVM
value is sharply reduced to 9%. The exact reason for this behaviour is not known. It could be due
to the random placement of scatterers in the channel. Figure 3.23 shows the constellation diagram
obtained for both the users while using the irregular array. User-2 shows a poor quality with noise
dominated constellation. Whereas, for User-1, we are still able to distinguish the 16 distinct QAM
symbols. Hence, we can see that the BER is O for User-1 while for User-2 it is 0.009 from Table 3.11.
In order to fall within the specified EVM limits (13.5%), User-2 should be at an azimuth angle less
than -47.27° or greater than -24.71° while using the irregular array. Whereas, for the regular array,
User-2 should be at an azimuth angle less than -50.92° or greater than -23.42°. Hence, User-2 can
be more closely separated from User-1 when the mentioned irregular array is used.
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User EVM BER
User-1 19.408% BER=0.000

* No. of bits=3114
* No. of errors=0

User-2 31.772% BER=0.009

» No. of bits=3114
* No. of errors=30

Table 3.11: EVM and BER values
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Figure 3.23: Constellation diagram(a)User-1(b)User-2

3.4.3. Study Of User Position In Elevation
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In this section, the simulation scenario is performed by varying the elevation angle of User-2,
similar to Section 3.3.3. Table 3.8 in Section 3.3.3 gives the overview of the BS and user locations.
Like the previous case, we compare the performance of users while using the irregular and regular
array topology at the BS. From Figure 3.24, we see that the EVM values of both the arrays are
almost the same for two users. At 12°, there is an improvement in EVM of about 5% for User-2 while
an irregular array is employed. From the transmit precoded pattern plotted in Figure 3.25, there are
two beams directed towards the users. This can lead to very high inter-user interference since users
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are close by. The interference faced by User-1 and User-2 is about -3.84 dB. When we compare
these values to that of the regular array in Section 3.3.3, the interference faced by User-2 is higher,
and it is about -2.51 dB while for User-1, it is about -6.83 dB which is lower compared to the irregular
array. Figure 3.26 gives the constellation diagram obtained for this case. We see that both User-1
and User-2 have degraded signal quality. Table 3.12 gives the summary of the EVM and BER values
reported by the users for this case. Additionally, to be within the specified EVM limits, User-2 should
be at an elevation less than 13.5° while using the irregular array. Whereas, while using the regular
array, User-2 should be at an angle less than 13.8°. Therefore, there is only a slight difference in
these angles between both types of arrays such that they fall within the specified EVM limits.
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Figure 3.25: Directivity pattern after applying precoding weights when User-2 is at an elevation angle 12°
(a)User-1(b)User-2

User | EVM | BER
User-1 32.570% BER=0.014

* No. of bits=3114
* No. of errors=44

User-2 38.864% BER=0.023

* No. of bits=3114
* No. of errors=74

Table 3.12: EVM and BER values when User-2 is at 12°(Elevation)
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3.4.4. Increasing The Number Of Transmit Elements

In this section, we are going to increase the number of transmit elements to about four times (M=256)
and check the impact on user performance by repeating the case studies mentioned in Sections
3.3.1 to 3.3.3. Figure 3.27a gives the aperiodic array layout. The radiation pattern and azimuth cut
is shown in Figure 3.27b and 3.27c respectively. When we increase the array size, we obtain a
pencil beam with a directivity of about 28.03dB. The first sidelobe directivity has now increased to
10.07dB. The half-power beamwidth is measured to be about 5.4°.

Array Geometry

3D Directivity Pattern 25
20
15
z
0 &
190 ©E
z
5 =
' ,
. Az 90 o D
Az 0 ElO
EI0 Az 5
10
-15
(a) (b)

Azimuth Cut (elevation angle = 0.0°)
90

120 60

150 30

-150

Directivity (dBi), Broadside at 0.00 °

(c)

Figure 3.27: BS Antenna array design, (a)Array Layout, (b)3-D radiation pattern of the array, (C)Azimuth Cut

Firstly, we will vary the range of User-2, keeping User-1 fixed. The same simulation scenario in
Section 3.3.1 is performed, and the result is shown in Figure 3.28. From the curve plots, we can see
that there is slight decrease of EVM values when we use the larger array. This improvement in EVM
could be due to the increase in array gain while utilizing a larger array. For User-1, the EVM reported
is about 1.9% for M=256 and remains constant while User-2 is moved away from User-1. Whereas,
for the smaller array (M=64), the EVM reported is about 2.2%. On average, User-2 experiences an
EVM of 1.739% when 256 element array is used at the BS and about 2.5% when 64 element array
is used. The results obtained for the irregular array is very similar, and hence we have not shown in
the Figure 3.28.

In the next case, we vary the azimuth of User-2 from -60 to 60°, keeping User-1 at -40°. The
same user and BS position are used as simulation parameters as mentioned in Section 3.3.2, Table
3.5. Figure 3.29 gives the comparison of EVM values obtained for both regular and irregular array
consisting of M=256 elements. It can be observed that the EVM trends are almost similar for both
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Figure 3.28: EVM v/s Range

curves. However, with the regular array, we can see a slight reduction in the EVM values at the
peaks. When User-2 is at -42°, we find that it has a maximum EVM of about 41.3679% for the
irregular array. Whereas, for the regular array there is about 6% reduction in EVM and the reported
value is 35.87%. As a consequence, the BER is also higher, i.e. 0.093 for the irregular array and
0.066 for the regular array. The red line in the graph denotes the specified EVM limits for 16-QAM
modulation. We can notice that for the irregular array, the EVM limit is achieved when User-2 is at
an azimuth angle less than -49.71° and greater than -26.98°. This is almost the same for the regular
array, with User-2 azimuth angle should be less than -50.84° and greater than -27.49°. Hence, we
can see that both the arrays perform similarly to stay within the EVM limits. Let us have a closer
look at the precoding patterns shown in Figure 3.30 for the irregular array when User-2 is at -42°.
The interference faced by User-1 is about -25.135dB, and for User-2 it is -5.87dB. When comparing
the interference values faced by User-2 while using the regular array, it is 0.07dB, which is higher.
However, the EVM for this case is still lower in comparison to the irregular array. There could be other
contributions to the noise other than interference in this situation, which is not explicitly known to us.
From the constellation diagram obtained at the receiver in Figure 3.31, we can confirm that both the
signals suffer from high noise levels. The EVM and BER values in Table 3.13 further supports this
observation.
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Figure 3.29: EVM v/s Azimuth
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Poi(r)ectivity pattern after applying Precoding weights for User-1 P()iaectiviw pattern after applying Precoding weights for User-2
80 20 80 20
60 10 60 10
40 40
= 0 . 0
2 20 & 2 20 @
k=) = z =
€ 10 & = g
S 0 z S 0 z
5 i i
o 20 20 B o 20 20 o
-40 -40
e -30
-60 -60
2 -40
-80 -80
-50
-100 -50 -100
-200 -150 -100 -50 0 50 100 150 200 -200 -150 -100 -50 0 50 100 150 200
Azimuth(deg) Azimuth(deg)

(a) (b)

Figure 3.30: Directivity pattern after applying precoding weights when User-2 is at an azimuth angle -42° (a)User-1(b)User-2
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Figure 3.31: Constellation diagram (a)User-1(b)User-2
User EVM BER
User-1 23.829% BER=0.000
* No. of bits=3114
* No. of errors=0
User-2 41.367% BER=0.093

* No. of bits=3114
* No. of errors=290

Table 3.13: EVM and BER values when User-2 is at -42°(Azimuth)

Finally, we analyze the last case study, which is changing the elevation of User-2. A similar
approach is followed as mentioned in Section 3.3.3 and Table 3.8 gives the user and BS positions.
Figure 3.32 gives the comparison of EVM values obtained for this simulation for both the regular and
irregular array. For User-2, both the arrays almost follow the same curve with a slight difference in
magnitude. Whereas, for User-1, the peak EVM value while using the regular array is 8% less than
that of the irregular array. However, for User-2, we see a reduction in the peak RMS EVM of about
4% while using the irregular array. Considering the EVM limit shown by the red line, we can say
that with both the arrays, the closeness achieved by the users is approximately the same. For the



3.4. Irregular Planar Array At The Base Station 43

RMS EVM v/s Elevation

s
o

————U1.Irregular array n
U2 Irregular array L
EVM limit

| |= = = rU2,Regular array
- 'U1,Regular array

.
=]

w
o

N w
53} =1

RMS EVM(%)
n
(=3

Elevation(deg)

Figure 3.32: EVM v/s Elevation

irregular array, User-2 can be at an elevation angle less than 0° and for the regular array, it has to be
less than 0.45°. To get more insight into the performance of users, we take a look at the precoded
transmit patterns of the irregular array when User-2 has the maximum EVM. From Figure 3.33, we
can calculate the interference faced by User-1 as -7.54dB and for User-2 it is -6.2dB. At the same
time, for the regular array, User-2 experiences higher interference of about -5.84dB, and for User-
1, it is lower and is about -10.86dB. Since users are highly correlated, the inter-user interference
is more. As explained previously, the BD precoding algorithm fails to suppress the interference
when users are too close to each other. This results in poor quality of the received signal, which is
reflected in the constellation diagram given in Figure 3.34. The BER and EVM values for this case
are summarized in Table 3.14.
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Figure 3.33: Directivity pattern after applying precoding weights when User-2 is at an elevation angle 12°
(a)User-1(b)User-2

User | EVM | BER
User-1 28.601% BER=0.0009

* No. of bits=3114
* No. of errors=3

User-2 36.497% BER=0.025

* No. of bits=3114
* No. of errors=79

Table 3.14: EVM and BER values when User-2 is at 12°(Elevation)
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3.5. Conclusion

In this chapter, we conducted a statistical analysis of the developed end-to-end MU-MIMO system
model. Firstly, we discussed the specifications considered for this model, followed by a detailed
review of the performance metrics- EVM and BER which were considered for evaluating the system.
We performed different case studies by changing the user position(range, azimuth, and elevation)
and antenna array size at the BS to investigate the impact on the performance of the users. These
case studies were conducted with the model for two different BS array topologies-(i) Regular antenna
array, (ii) Irregular antenna array. In the first case, we explored the effect of changing the range of
User-2 and evaluating the performance of both the users. From the results of the Monte-Carlo
simulations performed for both the array topologies, we found that EVM is independent of the range
of the users. For both users, EVM remains almost constant with range. However, we see some
random fluctuations, which could be due to the rich scattering nature of the channel.

In the second case, we varied the azimuth position of User-2 from -60° to 60° and studied the
impact on EVM and BER. As User-2 moved closer towards User-1 in azimuth, we could see a
deterioration in the performance of users. The EVM increased beyond the permissible EVM limits,
and the BER also showed an increasing trend. This observation is due to the high spatial correlation
of the users when they are closely separated and the inter-user interference increases. When the
users are too close to each other, the BD precoding algorithm fails to cancel out the interference
towards the unintended user. A similar observation is made in the next case when the elevation
of User-2 is changed from -15° to 15° by keeping all other parameters constant. Hence, we can
conclude that the spatial separation in azimuth and elevation play a major role in the performance
of the users. When the users are close to each other in azimuth, by ensuring sufficient separation
in the elevation plane, we can reduce the inter-user interference and vice-versa. Additionally, from
the precoded patterns, we could see the impact of the higher sidelobe levels on the interference
between the users. The angular separation of the users is determined by the beamwidth of the
assigned beams. The minimum angular separation between the beams assigned should be greater
than the azimuth and elevation beamwidth in order to have less inter-user interference.

We also investigated the impact of the array size at the BS. We see a minor impact on increasing
the array size on EVM. However, the effect of increasing the number of elements at the BS solely
depends on the efficiency of the precoding scheme. This is because, when we increase the array
size, we have narrower beams. While this helps to have users more closely separated, if the beams
are not pointed exactly to the user, we will not see an improvement in terms of EVM.

We conducted the above-mentioned cases for both regular and irregular array topology at the BS.
We do not see much difference in EVM values between both the arrays on changing the range of
User-2. However, for the case study conducted for changing the azimuth and elevation of User-2, we
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can see the peak EVM is reduced by about 5% when the irregular array topology is used. This way,
the inter-user interference is reduced. Finally, we increased the array size of the irregular array and
performed the cases: changing range, azimuth, and elevation position of User-2 and evaluated the
performance of the users. There is a slight reduction in the EVM when we increase the array size for
the EVM versus range study. This is due to the fact that larger arrays results in improved array gain
and hence better signal power is received by the users. Next, we compared the performance of both
the array topologies while varying the azimuth position of User-2. Even though the interference faced
by User-2 for the irregular array is less in comparison to its regular counterpart, we still see that the
peak EVM is slightly higher. This is probably due to the higher contribution of other system noises,
which is not known to us. In the following case, we varied the elevation of User-2 and compared
the EVM curves for both the array topologies. We find that for User-2, there is an improvement of
about 4% for the peak EVM. The presented results are pertaining to the One-Ring channel model,
which is a rich multipath NLoS channel. With a LoS or other channel models, the performance of
users would be different. Hence, we can conclude that for the given channel model, while using the
irregular array topology for array size M=64, we see an improved performance of the users.






Conclusion And Future Scope

4.1. Conclusion

This thesis aimed to develop a simulation model for the MU-MIMO communication system for the
mmWaves with a focus on multibeam arrays and beamforming at the base station. The model
incorporates signal modulation, channel aspects as well as the RF aspects. Traditionally, antenna
engineering and communication system design were treated as separate disciplines. However,
as we move towards the multi-user communication system, there is a growing need to bridge the
gap between the two disciplines. This thesis work presents a novel approach where the impact of
user position, antenna parameters, and modulation is investigated on end-user performance. To
the authors’ knowledge, this is the first time the effect of array size and topology on the system
performance is investigated. The thesis work was divided into four parts. The first part included
a detailed literature survey that helped to identify a suitable channel model and system simulator
to fulfill the goals of the thesis. This was followed by the development of the system model. The
next part was dedicated to the statistical analysis and case study with the results obtained from the
model. In the last part, the conclusions of the thesis are summarized.

A detailed literature study of existing MU-MIMO models, channel models, and system-level sim-
ulators gave us an insight into the vast possibilities to develop a communication system. Based on
the complexity of the models, required inputs, etc., it was decided to use an extended version of an
existing multi-user communication model in MATLAB for our study. This particular model carefully
considers all the important components of the communication system, i.e. from channel coding,
OFDM modulation/demodulation, antenna design, channel modeling, hybrid beamforming, precod-
ing technique, and equalization at the receiver. The model has been adjusted for the application with
different array topologies at the base station. The complete system model for multi-user scenarios
and multi-beam antenna arrays at the base station has been developed. To our best knowledge,
such a complete model has been presented in the literature for the first time. In this work, a downlink
multi-user communication system was implemented with two users in a single cell. For the base sta-
tion, we considered two different antenna array topologies: Regular and Irregular array for our study.
In this model, technology like spatial multiplexing was implemented to achieve higher capacity. The
model used the One-Ring channel model, which created a rich multi-path environment. Bearing in
mind the power consumption and hardware complexity, hybrid beamforming architecture is chosen
at the transmitter. A Joint Spatial Division Multiplexing(JSDM) is employed to obtain analog and
digital precoding weights. The JSDM utilizes the generalized zero-forcing precoding technique to
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efficiently cancel out the inter-user interference. At the receiver side, we consider the users are
equipped with multiple antennas, and we have an all-digital receiver.

The model has been verified by simulating a simple use case scenario where the users were
spatially separated, and a regular antenna array was used at the base station. In order to validate
the user performance, we use EVM which has caught a lot of attention in recent research as well
as the BER metric. Further, performance analysis was conducted via Monte Carlo simulations. The
system performance with regular and irregular arrays has been analyzed in several case studies.
Case study 1 dealt with the change of user position in the range, where we varied the range of User-
2 while User-1 was fixed and plotted the RMS EVM versus range graph for both the users. It was
observed that EVM is independent of the range, and hence we obtained an almost constant value
when the range of User-2 was increased. The next two case studies were focused on investigating
the impact of changing the azimuth and elevation position of the users. The analysis of the results
has shown that spatial separation of users in azimuth and elevation has a huge impact on user
performance. We kept the User-1 fixed and varied the azimuth position of User-2. As User-2 moved
closer in azimuth towards User-1, there was an increase in the EVM and BER values. This behavior
is as expected, since the inter-user interference increases when the users are brought close together.
Apart from that, when the users are highly correlated, the BD precoding algorithm fails to efficiently
cancel the inter-user interference, and also the SINR experienced by the user decreases. Hence,
an effective precoding algorithm also plays a key role in end-user performance. Apart from that,
we noticed the influence of sidelobe level on the interference and further on the EVM and BER.
Therefore, by ensuring sufficient separation in both azimuth and elevation, we can guarantee less
interference between the users.

The next case study was on increasing the number of antenna elements at the base station.
There is a minor impact of the array size on the reported EVM values. A slight reduction in EVM was
observed when the user position is changed in comparison to the smaller array. This is because array
gain is increased when we increased the number of transmit elements from 64 to 256. Additionally,
the results showed that users could be more close to each other while using the larger array due
to the reduced beamwidth of the assigned beams. Increasing the array size is of an advantage
only when the beam is correctly directed towards the user. Finally, the case studies were repeated
for the irregular array at the base station and a comparison was drawn between the performance
of the users. For M=64 antenna elements at the base station, we see about 6% reduction in the
peak EVM value for User-2 for the EVM versus azimuth graph while using the irregular array. A
similar observation was made for the EVM versus elevation graph, where the peak EVM for User-2
is reduced by 5%. When we increased the array size to M=256, for the EVM versus azimuth graph,
we could see that the regular array performed better in terms of the reported peak EVM. Even though
the interference experienced is lower while using the irregular array, EVM was still reported to be
slightly higher. The reason for this anomaly is not clear. In general, from the user performance,
we can conclude that both the array topologies’ performance is comparable. However, the irregular
array with M=64 elements has a slight improvement in terms of user performance. The presented
results are completely novel and demonstrate the importance of the array size and topology on the
end-user performance of the communication system.

The major challenge of this thesis was to understand and develop the end-to-end system model.
An extensive study was needed to analyze the different disciplines that are involved in making the
model working. Another challenge was to connect the different perspectives of antenna engineering
and signal processing engineering. Apart from that, understanding the performance metric EVM and
analyzing it in different case studies was not straightforward. This is because EVM is a comprehen-
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sive metric that is sensitive to any noise and signal distortions. Despite these challenges, we are
able to meet the goals of the thesis. Therefore, the developed system model and statistical analysis
can be used to improve the existing communication system design.

4.2.

Future Scope

We can consider the following areas for future scope:

Investigation of better precoding strategies to efficiently cancel interference with less com-
plexity can be investigated. The current generalized zero-forcing precoding fails to perform
efficiently in a low SINR scenario.

Currently, we have considered the simulations for two users and a single stream assigned to
each user. A case study can further be conducted by increasing the number of users and
streams, and its impact on EVM can also be explored.

The channel model employed in the thesis considers only multipath scenarios based on the
One Ring channel model. In the future, we can consider a more realistic channel simulator
like QuaDRiGa, which has more flexibility in terms of environment settings.

The effect of mutual coupling is ignored in this work. As a next step, we could study the impact
of mutual coupling on end-user performance.

An optimization can be performed for the different antenna element positions by adjusting the
element spacing in the base station and study the impact on the performance of the users.






Definition of Coordinate System

yz-plane

v
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Figure A.1: Definition of spherical coordinates(adapted from [8]) (a)Azimuth and Elevation angles(b)Theta and Phi angles

Figure A.1 shows the definition of the spherical coordinates that is used in the thesis. Let us consider
the vector r which points towards the direction of interest. The azimuth angle is the angle that x-axis
makes with the projection of the r vector onto the xy-plane. Whereas, the elevation angle is defined
as the angle that the r vector makes with its orthogonal projection on the xy-plane. We can also
represent the angles in 8 and ¢. 6 is the angle between the x-axis and the r vector. Angle ¢ is the
angle that the positive y-axis makes with the projection vector of r onto the yz-plane. ¢ varies from
0 to 360 degrees and 6 varies from 0 to 180 degrees.

The coordinate conversion between 6/¢ and azimuth/elevation is given below [8]:

sinel = sin¢ sinf

tanaz = cos¢ tanf

cosf = coselcosaz
tanel
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