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ABSTRACT
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Massive multiple-input-multiple-output (MIMO) antenna system with beamforming technique
is an integral part of upcoming 5G new radio (NR) system. For the upcoming deployment of 5G
NR system in both stand-alone (SA) and non-stand-alone (NSA) structure, beamforming plays an
important role to achieve its key features and meet the estimated requirement. To be employed
with massive MIMO antenna structure, beamforming will allow 5G system to serve several users
at a time with better throughput and spectral usage. Beamforming will also minimize the path loss
due to high susceptibility of millimetre wave and provide beamforming gain. For a wide range of
benefit scheme, beamforming is currently a hot topic regarding the deployment of 5G. With the
advantage of both analog and digital beamforming, hybrid beamforming structure can provide
better system benchmark performance in terms of cost and flexibility. Switched beam training and
adaptive beam training approaches and algorithms are developed in order to reduce training time,
signalling overhead and misdetection probability. Some of the approaches and algorithm are ad-
dressed in this thesis. Beamforming management ensures the initiation and sustainability of the
established link between transmitter and receiver through different processes. Beam tracking
helps to keep track of the receiver devices during mobility. As beamforming is related to antenna
configuration, near-field spherical wave front incident problem was ignored, and all the references
and examples presented in this topic was obtained with a far-field propagation perspective. To
avoid mutual coupling between antenna elements and grating lobe problems in antenna radiation
pattern, each element is separated by half of the wavelength. This thesis paper aims to provide a
broader view into beamforming scenario, starting from the basics of beamforming to training the
beams and management aspects in the hardware part of 5G structure. Another goal is to present
the necessity of beamforming in a 5G system by stating different benefits scheme such as spatial
diversity, interference suppression, energy efficiency, spectral efficiency and so on. These bene-
fits are justified by evaluating various research paper and MATLAB simulations.
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1. INTRODUCTION

With the current advancement in mobile communication sectors, fifth generation (5G)
mobile communication system is going to be a super "techy” highway where others pre-
decessor like third generation (3G) and fourth generation (4G) mobile communication
systems would look like country roads. 5G new radio (NR) deployment will open endless
opportunities for every aspects of our life. Starting from smart cities and smart industries
to augmented reality and autonomous car, 5G will influence the future to a great extent.
However, 5G NR is not fully deployed yet as it is still under research for further improve-
ments. The key features and importance of 5G NR system is set in international mobile
telecommunication-2020 (IMT-2020) standards, recommended by international telecom-
munication union- radiocommunication sector (ITU-R) in 2015 [43]. Considering different
use cases, it is prominent that 5G will solve many connectivity problems and provide
better system enhancement. Over the past few years, researchers and implementors of
5G system devices are trying meticulously to improve the overall performance bench-
mark compared to existing long-term evolution (LTE) system. With the requirements
specified in release-15 by 3™ generation partnership project (3GPP), 5G is intended to

operate primarily with LTE as a non-stand-alone (NSA) structure in 2020 [4].

The millimetre wave (mmWave) used in 5G NR is highly susceptible to path loss in multi-
propagation environment due to its nature. Along with pathloss, low power consumption
of devices, higher data rate, better coverage area, increased spectral efficiency and su-
pressing interference are some design aspects considered in 5G. Various techniques
and algorithms are invented or being researched to achieve these system requirements.
One of them is beamforming. Though beamforming is not a new concept, its implemen-
tation with massive MIMO in 5G has made it an indispensable part of 5G NR system.

This thesis aims to establish this link-up of beamforming and 5G in a broad manner.

The main idea of beamforming is to concentrate the information or energy in a desired
direction while neglecting interference from undesired direction. It was first demonstrated
by the German inventor and physicist Karl. F. Braun in 1905 by creating a phased array
of 3 antenna element [48]. This idea is widely accepted in the field of radar, sonar, seis-
mology, acoustics, bio-medical and wireless communication. However, with advance-

ment of time, beamforming has evolved as an integral part of mobile communication



system. The effects of beamforming employed in a transmitter-receiver link has showed

more advantage than disadvantage.

Beamforming management refers to establishment of beam in downlink and/or uplink,
adjusting the beam in different adverse situation or during user mobility and also recovery
of established link, if hampered. In this process, the beams need to be trained to find
users or receivers to initiate beamforming. While generic beam training protocols are
often described in the system specification, there is no detailed algorithm set for the
beam training which governs the whole process. In this thesis, a brief overview of these

algorithms along with some comparison is presented for better understanding.

This thesis is written from a literature-review perspective. The main theme is to analyse
the role of beamforming in 5G NR system in a progressive way along with beamforming
management and beam training procedures. In chapter 2, evolution of 5G and some key
features are described to emphasise the importance of 5G in future. Then basic param-
eters of beamforming are described with appropriate examples and illustrations. In chap-
ter 3, the benefits of beamforming in 5G system is described elaborately such as in-
creased spectral efficiency, interference suppression, energy efficiency, increased secu-
rity and so on. The claims are deducted from evaluating different research papers and
MATLAB simulations. Chapter 4 focuses mainly on the management procedure of beam-
forming, how it is initiated and maintained throughout the operation. Beamforming man-
agement also includes beam tracking for mobility and a set of protocols to restore con-
nectivity in case of failure. Configuration of the transmitter and receiver devices were
briefly analysed to show that communication system supports beamforming fully. In
chapter 5, some of the most conventional beam training approaches and algorithms were
briefly described. Comparison of some of the approaches are also presented in this
chapter. All illustrative examples and simulations results were created by Microsoft Visio
and MATLAB 2019b software respectively. Finally, chapter 7 concludes the thesis with
some discussion and potential future works intended for the deployment of beamforming

in upcoming 5G system.

1.1 Motivation

The 5 G infrastructure public-private partnership (5GPPP) is a joint project between the
European Commission and the European ICT industry (Telecommunications Operators,
Service Providers, ICT Producers, SMEs and Research Institutions). The 5GPPP is now

in its 3™ phase and working with many projects to provide solutions and standards for



5G. The challenges of 5GPP also includes creating opportunities and establishing Euro-

pean leadership in global ICT markets such as e-health, automation, smart cities etc. key
challenges for the 5GPPP are [51]:

Achieve mobile area capability 1000 times higher and more diverse network ca-

pabilities compared to 2010

Focusing mainly on mobile communication, achieve energy saving up to 90% in

each service.
Reduce the average time cycle from 90 hours to 90 minutes.

Construct a stable, safe and efficient Internet with "zero perceived" downtime for

the provision of services.

Enabling very large wireless communication networks to link more than 7 trillion

wireless devices that serve more than 7 billion people

Provide access to a wider range of services and software at a lower cost for eve-

ryone and everywhere

Beamforming management and beam training procedures can help to overcome these

challenges in terms of hardware implementation cost and spatial resource allocation flex-

ibility.



2. 5G NETWORKS AND BEAMFORMING OVER-
VIEW

2.1 Evolution of 5G

Emerging around 1980, the first generation (1G) of mobile communication was based on
analog transmission where the main technology was advanced mobile phone system
(AMPS) [1]. Then some other developments appeared in the early 1990s, such as per-
sonal digital cellular (PDC), digital AMPS (D-AMPS), global mobile communication sys-
tem (GSM) for second-generation digital mobile communication (2 G). The fast-wireless
internet access was possible by early 2000, in third generation (3G) of mobile communi-
cation due to high speed packet access (HSPA) technology. LTE based fourth genera-
tion (4G) technology has converged the world into a single global telecommunication
industry with lots of improvements in connectivity, security and data management. As
the demand goes higher and higher for faster speed, ultra-low latency and massive num-
ber of device connections, a new generation technology was required to meet all the
demands. Finally, the emergence of fifth generation (5G) mobile communication system

was declared in 3GPP release-15. Fig. 1 depicts the journey from 1G to 5G.

1G 2G 3G 4G 5G

Analog
Mobile and Cloud, IP and
Text Messagini Unlimited Dat:
Telecommunication G wireless internet Truly Mobile nimites Uata
Capacity
connection Broadband

1379 1991 1538 2008 2019

Figure 1. The evolution of 5G [2]

According to Ericsson forecast, nearly 20% of the world will be covered by 5G connecting
20 billion Internet-of-things (IoT) devices and 9 billion mobile devices by the year 2023
[3]. Since the 3GPP release-15, researchers and engineers are working towards IMT-
2020 release to provide a stand-alone (SA) 5G architecture. In the meantime, 5G has
evolved as an NSA architecture with LTE/LTE-Advanced (LTE-A). 5G has some quite
large specification to meet the upcoming global challenge in connectivity and security.
The 3GPP release-15 includes work on [4]:

e The 5G system — Phase 1
¢ Internet of things (IoT) and machine-type of communications (MTC)

¢ Vehicle-to-everything communications (V2X) Improvements



e Mission critical (MC) improvements
o Wireless local area network (WLAN) and unlicensed spectrum

o System enhancements

2.2 5G use cases

5G has 3 distinctive classes of use cases: massive machine-type communication
(mMTC), enhanced mobile broadband (eMBB) and ultra-reliable and low-latency com-

munication (URLLC). Fig. 2 shows 3 important use cases of 5G.

o mMTC refers to the connectivity for massive number of devices with very low cost
and very low energy consumption. Such devices like monitoring networks, sen-
sors, actuator (etc.) provides a long-time availability by increasing battery life and

coverage.

e eMBB corresponds to larger data exchange between nodes and users’ equip-
ment. Augmented reality (AR), virtual reality (VR), cloud computing is such ex-

ample for eMBB use cases.

¢ URLLC means very low latency and extremely high reliability. Example are auto-

matic control, traffic safety, smart cities and factory automation.

eMBB

High data rates, high traffic volume

Smart city

Self-driving car

mMTC ~ URLLC

Massive number of devices, low Very low latency, very high
cost. Low energy consumption reliability and availability

Figure 2. High-level 5G use case classification



2.3 5G key features

In comparison to existing 4G LTE technology, 5G will achieve a better performance
benchmark depending on its key features. Some of them are already achieved and some
them are still under research. ITU-R has specified some key specifications for 5G named
as IMT-2020 [43]. The key features that distinguish 5G from the rest are stated below in

table 1 and their importance in the upcoming 5G system is depicted in fig. 3.

Table 1. 5G NR key features [5]

Features during . Features after .
. . Benefits ; . Benefits
implementation full implementation

Using both sub Capacity in-
6GHz and above | creases up to 100 Peak data rate 20 GB/s
6GHz band times

Massive  MIMO Better coverage Latenc 1ms
and beamforming and higher capacity y

Lean carrier de Less interference
sian and low power con- Mobility 500 km/h

g sumption

Flexible frame High  efficiency Connection den- 105/km?

structure and low latency sity
Enables diverse
FDM ir-
. © based air spectrum and ser- User data rate 100 Mbit/s
interface .
vices
High Spectral I d ffi-
'gher opectrat | Increased €1 Availability 99.999999%
usage ciency
Enhanced Mobile l““j'm’;;:““
Broadband '

Peak datarate _———  User experienced data rate

\\\ . [ ]
\ Spectrum efficiency

Area traffic capacity /

Ulta-reliable and low
Massive machine type . iondenciy o latency
communication . communications

Figure 3. Importance of key capabilities for IMT-2020 recommended by ITU-R [43]




2.4 5G Network Architecture

5G has two network architecture modes: stand-alone (SA) mode and non-stand-alone
(NSA) mode. In SA structure, 5G NR is directly connected to its own 5G core having a
new 5G air interface. In NSA mode, 5G is operating under 4G/LTE evolved packet core
(EPC). According to a GSM-Association (GSMA) report,192 operators were actively in-
volved in testing and licensing for 5G operating band by November 2018. Two bands
were mostly used in this purpose. One was band-n87 (3300 t0 3800MHz), widely known
as sub-6GHz band and another was band-n257 (26.5 to 29.5 GHz) [6].

SA

5GC

NSA

User plane Control plane

Figure 4. 3GPP defined deployment option for 5G [7]

Fig. 4 depicts the deployment scenarios specified in 3GPP release-15. Most operators
are going to use option 3 in order to exploit the full benefits of existing EPC core. Option
2 and 5 both having new 5G core were completed in June, 2018. Option 4 and 7 were
completed in March, 2019 [7].

2.5 Beamforming

Beamforming is basically a special type of antenna radiation pattern. It is a method to
concentrate the omni-directional radiated power of antenna into one or multiple specific

directions. In 5G system beamforming is referred to transmission of a signal in a narrower



shape from base station to receiver in such a way that only intended user can retrieve
the information while rejecting interference from other directions. While transmitting,
main lobe of the antenna pattern is directed towards a certain direction using phase and
amplitude of each antenna element in an array. This phenomenon is called constructive
interference in the wavefront. While receiving, individual response of each antenna ele-
ment is combined to get the desired signal in desired direction. Fig. 5 depicts a typical

beamforming scenario in case of cellular technology.

((¢p)

]

()

=Y

()

—
=

e

Figure 5. Typical beamforming scenario inside a cell

Beamforming can be done on both transmitter side and receiver side. when it is done in
transmitter side it is called transmit beamforming and when it is done in receiver side it
is called receive beamforming. Beamforming is a wide concept as it is associated with
beamforming management and beam training which is discussed in later chapters. the
main drawback of using millimetre wave in 5G is that these waves are highly susceptible
to path loss in free-space, rain, fog and other atmospheric events [44]. Fig. 6 was gen-
erated using Friis’ free-space path loss model [45] in order to compare free-space path

loss in 5G and 4G. Two frequencies were chosen for 5G (28 GHz and 300GHz) and one



for 4G (2100 MHz). If the distance between the transmitter and receiver is d (km) and

the frequency is f (GHz) then the free-space path loss, FSPL (dB) can be calculated as

FSPL(indB) = 92.4 + 20log(d in km) + 20log(f in GHz). (2.1)

Free space path loss in 5G & LTE
180 e —. ;

LTE-2100MHz
5G-2BGHz
160 F 5G-300GHz =

140 [ e .

-
[
=
T
1

Fathloss(dB)
=)
=
\

60 F— 7

40 — ' ' ' ' "
1072 10" 10° 10"
Distance(km)

Figure 6. Free-space path loss for different frequencies

From fig. 6 it is visible that for a given range of distances (10m-10km), corresponding
path loss increases (approx. 20 dB) with the higher frequency. To overcome this high
path loss in 5G mmWave, high directional antenna gain is required and beamforming is
the ultimate way to increase the directivity of the antenna. Antenna array of different
sizes are used to provide beamforming gain in order to minimize path loss. Different
kinds of arrays are used to exploit the best antenna geometry. Mostly used arrays are
uniform linear array (ULA), uniform rectangular array (URA) and uniform circular array
(UCA). The number of antenna elements used in array defines the array gain. For ex-
ample, a 10 element ULA has an array gain of 10. Fig. 7 depicts different array geometry
and size. Each antenna element in an array is separated by half of the wavelength of the
transmitted frequency in order to avoid mutual coupling between antenna elements and
grating lobes problems.
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Figure 7. Different array geometry

In 5G mm Wave system, the area of an antenna array reduces in proportion to the wave-

length of the operating frequency. As the frequency increases, the wavelength becomes

shorter. This allows to manufacture antenna arrays in smaller size compared to other

systems. For example, an antenna array of millimeter wave (i.e. 30 GHz) can be 100

ULA size(cm)

Frequency vs array size for different number of ULA elements

120 o ||
N=16
N=32
100 v
——— N=128
N=256
80 [ |
60 [; |
40 |
b
20 PN _
x_.___h_ s
- ‘———_:_—_—_::.__—_—. = =
0 ; '
50 100 150 200 250 300
Frequency(GHz)

Figure 8. Array size reduces with the higher frequency
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times smaller than the array of microwave (i.e. 300MHz). Fig. 8 shows that for different
number of antenna elements (N), the area of a ULA (D) reduces as the frequency in-

crease from 30GHz to 300GHz. The area of a ULA can be determined as
D=N-1)=%, 2:2)

where A is the wavelength of respective frequency. Similar result can be obtained for
URA also. This will allow to introduce large number of antenna elements in a smaller
array geometry.

As the number of antenna elements increases in an array, the directivity of the beam
pattern produced by the respective array also increases. Fig. 9-11 shows a comparison
between the beam patterns produced by 16x16, 32x32 and 64x64 URA in terms of di-
rectivity. The figures were generated using ‘sensorArrayAnalyzer’ tool in MATLAB. Op-
erating frequency of 30 GHz and steering angle of 30° azimuth and 30° elevation were
used to generate the beam pattern in all 3 cases. Fig. 9 represents 3D directivity pattern

of a 16x16 URA steered at 30° azimuth and 30° elevation angles.

20

3D Directivity Pattern 815
30 GHz steered at 30 Az, 30 El

z 110
Az0
ElI 90

Directivity (dBi)

Az 0 AT

EIO aE

y
Az 90
EIO

Figure 9. Beam pattern of 16x16 uniform rectangular array

Fig. 10 shows the 3D directivity pattern of 32x32 URA and fig. 11 shows the 3D directivity
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Figure 10. Beam pattern of 32x32 uniform rectangular array
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pattern of 64x64 URA. For all 3 cases, spacing between the antenna elements was

0.0025 metre and Chebyshev tapering was applied to minimize side lobes. Cosine an-

tennas were used to simulate the pattern.
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El O

3D Directivity Pattern
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Figure 11. Beam pattern of 64x64 uniform rectangular array
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2.6 Transmit beamforming

Transmit beamforming improves signal-to-noise-ratio (SNR) of a transmitter-receiver link
by focusing energy towards a receiver. In this case a transmitter is called a beamformer
and a receiver is called beamformee. A channel state information (CSI) of the channel
between beamformer and beamformee is obtained by sounding of the channel. In order
to do that, the beamformer sends a null data packet (NDP) to the beamformee. The
beamformee then generate a feedback matrix by this measurement. The feedback ma-
trix is then fedback to the beamformer. The beamformer then generates a steering matrix

and transmit data to the beamformee. The whole process is shown in fig. 12.

Beamformer Beamformee

w NDP

Channel State
Information

Steering matrix

Steering matrix ’ Feedback ‘ Feedback matrix
calculation w calculation

| Matrix

Figure 12. Transmit beamforming

2.7 Receive beamforming

Receive beamforming refers to steering the ‘looking direction’ of beams for any incoming
signal. The conventional way to steer the beam towards the intended user is to use phase
shift/time-delay and complex conjugate across all antenna elements. Fig. 13 represents
a conventional beamformer known as delay-and-sum (DAS) beamformer which uses
time delay and amplitude weight to the output of each element and sums the resulting

signal. Consider an array of M number of antenna elements that are located in different
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positions in space X, = [X;, Ym, Zm] that measures a wavefront f(¥,t) . The wavefront

sampled at each mth elementis y,,(t) = f(x,,, t). Time delay, A,, and amplitude weight,

wy, is applied to the output of each element and the resulting signal is summed as shown

in fig. 13. By adjusting the delays, the array’s direction of look can be steered towards

the source and the waveforms captured by individual elements add constructively. Var-

ying amplitude weight helps to maintain the gain or reducing side lobes of the beam. The

output of DAS beamformer in a time domain is given as

z(t) = Z%;%) Win- Ym (t — D).

Wavefront
8 B e [ Antenna
xg{t) x(t) e Xp-1(t)
Yolt) yi(t) « « « +  yy(t) Antenna output

Weights

S
Mo By

Figure 13. Delay and sum beamformer [49]

In terms of phase shifts, time delays can be expressed as

Y (t — Ay) = ym (0). e Jwhm ,

(2.3)

(2.4)

where w = 2nf; f is the frequency of the signal. The output of the DAS beamformer can

be stated again as
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M-1

2(t) = Z Wy Y (£). €100 (2.5)
m=0

Eq. (2.5) can be written in vector form as
zZ =why, (2.6)

where Y is the vector of the received signal from each element with its individual phase
delay, W is the complex conjugate transpose of weighting vector. The power, P(z) or

the variance, o2 of the output signal can be calculated as
P(2) = 0% = E{|z|*} = WHRW, 2.7)

where R = E{YY*} is the correlation matrix of the incoming signal.

2.8 Procedures of beamforming

3GPP has specified a set of basic procedures for sweeping, adjusting and reporting of

the beams termed as beam management [9]:

1. Beam sweeping: it refers to the covering of the spatial area containing transmitter

and receiver at regular interval and specific direction.

2. Beam measurement: it refers to the evaluation of the beams used in sweeping.
The measurement is done based on reference signal received power (RSRP),
reference signal received quality (RSRQ), received signal strength indicator

(RSSI) or signal-to-interference-plus-noise-ratio (SINR) [10].

3. Beam Selection: Selection of the best beam to achieve optimum connectivity be-

tween transmitter and receiver.

4. Beam reporting: The acknowledgement from the transmitter to receiver on the

beam selection.
2.9 Classification of beamforming
Based on architecture and hardware implementation, beamforming can be classified into

mainly 3 categories: analog beamforming, digital beamforming and hybrid beamforming.

2.9.1 Analog beamforming

An analog beamformer is built with one RF chain and multiple phase shifters across the

antenna elements. The phase of each element is controlled by advanced hardware and
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improved precoding algorithms. The phase shifters are responsible for steering the

Antenna

Baseband signalSignal RF signal

Baseband
processing

RF chain

QAVQ

i

Phase
shifters

Figure 14. Analog beamforming scenario [8]

beam. Fig. 14 represents an analog beamformer with one RF chain. This type of beam-
forming is widely used in long range systems like radar and short-range communication
system like IEEE 802.11 ad [8]. The advantage of analog beamformer is its simple im-
plementation and cost reduction. On the other hand, one RF chain can transmit only one

stream at a time.

2.9.2 Digital beamforming

In fully digital beamforming, the number of RF chains are same as antenna elements.
That means each antenna element is equipped with a dedicated RF chain and phase
shifter. Though theoretically digital beamforming is the best architecture for beamforming

but in practical implementation of such higher number of RF chain and analog-to-digital

Antenna

Baseband Signal Digital RF signal
Baseband RF chain
Processing

Baseband Signal Digital RF signal

B

Baseband
Processing

RF chain

Figure 15. Fully digital beamforming scenario [8]
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converter (ADC) is costly and complex task. Fig. 15 represents a fully digital beamform-
ing structure. Multi-beam MIMO technique is possible with digital beamforming. However
due to complexity and hardware cost it is best suited for base stations instead of mobile

devices.

2.9.3 Hybrid beamforming

Hybrid beamforming is designed to exploit the advantages of both analog and digital
beamformers. Hybrid beamforming architecture is designed by combining multiple arrays
into sub-array module [11]. Thus, the trade-off between cost and flexibility is well main-
tained in hybrid beamforming and making it a suitable technique for 5G NR deployment.
Hybrid beamforming structures are further divided into many categories such as full-con-
nected hybrid beamforming, sub-connected hybrid beamforming, virtual sectorization,
switched matrix and so on. Each structure has its own advantage and challenges. Fig.16
represents a full-connected hybrid beamforming structure. In full-connected hybrid
beamforming, each RF chain is connected to a respective number of phase shifters and
to all antenna. In sub-connected hybrid beamforming architecture, each RF chain is as-
signed to a sub-array of phase shifters. Full-connected hybrid structure has a higher
beamforming gain compared to sub-connected hybrid structure, but its implementation
is difficult due to complexity. Fig. 17 represent a sub-connected hybrid structure, where
each RF chain is connected to set of phase-shifters or sub-array to perform multi-beam

steering. This type of structure is useful for femto-cells to conserve power.

T Antenna

%

Digital
Baseband

Baseband Signal RF signal

Processing

RF Precoder

Baseband Signal Digital RF signal @

L L

Baseband RF chain
Processing

S
_Q

L

Figure 16. Hybrid beamforming scenario, full-connected structure [8]



18

T Antenna

Digital
Baseband

Baseband Signal

RF signal

Processing

i

Digital
Baseband
Processing

Baseband Signal RF signal

Figure 17. Sub-connected hybrid beamforming [12]

Another implementation of full-connected hybrid beamforming structure is virtual sector-
ization of digital baseband. Each sector can be used for baseband processing of a spe-
cific group of users. Thus, it reduces the signalling overhead and computational com-
plexity. For 5G NR, this kind of hybrid structure can be well-suited. Fig. 18 depicts the

hybrid virtual sector structure.
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Figure 18. hybrid beamforming structure with virtual sectorization [12]
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3. BENEFITS OF BEAMFORMING

Beamforming is an important tool for deploying 5G NR in different use case scenarios.
There are many benefits of beamforming as a single option or combined with other tech-
niques. This chapter includes such benefits as transmission diversity, beamforming gain,
interference suppression, energy efficiency, system security, reduction in delay spread

and overall spectral efficiency.

3.1 Transmission diversity

Massive MIMO refers to a MIMO system with large number of antennas. Massive MIMO
will play a key role in 5G standardization with many benefits associated with it such as
combating fading due to multipath propagation and providing diversity. For reliable data
transmission over wireless channel, MIMO uses 3 techniques: precoding, spatial multi-
plexing and space-time coding. Precoding is a process to weight (phase and amplitude)
the feeding data streams according to the channel matrix between transmitter and re-
ceiver. Spatial multiplexing is a technique used to divide an outgoing signal into multiple
different streams and transmit them via different antennas parallelly. Precoding is similar
to the concept of digital beamforming which enables multi-stream transmission. Spatial
multiplexing and precoding are both necessary for 5G use cases to increase the data
rate and throughput. Spatial multiplexing is more reliable with the complete CSI as a
feedback from the receiver. If the receiver CSl is known at transmitter through feedback,
then it is called a closed-loop system. If no CSl is available from the receiver as a feed-
back, then it is called an open-loop system [20]. Based on CSI and implementation per-
spective, precoding has also different categories to be employed in 5G system to achieve

maximum channel capacity.

Fig. 19 (a) represents a 2x2 MIMO spatial multiplexing technique and fig. 19 (b) repre-
sents a 2x2 MIMO precoding technique. Both systems consist of two antennas at trans-
mitter and two antennas at receiver side. In spatial multiplexing technique, two data sym-
bols are transmitted by each transmission antenna over different propagation paths and
received at receiver antenna as a sum of multiple streams. However, in precoding two
data symbols are pre-coded as multi-layers according to the channel information and
then fed to the transmitting antenna. This layering is done by using pre-defined code-

books for different number of MIMO antennas to achieve higher SINR [21]. In space-time
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coding, multiple coded copies of main signal are transmitted using multiple antenna to

the receiver for decoding.

channel channel
| Precoding

N\ 0 /—‘—\ rx0
0y < {—no o oY —
x1
W —s » rx1 —| yl, _rxl

feedback

(@) (b)

Figure 19. (a) 2x2 MIMO with spatial multiplexing technique(b) 2x2 MIMO with pre-
coding technique [21]

In 5G, MIMO can be employed with one individual technique or with the combination of
two or three techniques. However, requirements of these techniques are contradictory in
terms of antenna spacing. For spatial multiplexing and space-time coding, the antenna
spacing need to be sufficiently large compared to precoding. For example, if A is the
wavelength of transmitted signal, then the antenna spacing for spatial multiplexing and
space-time coding requires more than 104 whereas for precoding or beamforming the
required space between antenna elementis A/2. In [37], the authors proposed a system
model which combines spatial multiplexing and beamforming. The proposed scheme
performs downlink beamforming using uplink direction-of-arrival (DoA). Fig. 20 depicts
the proposed system model with N number of antenna elements in each array and M
number of arrays in transmitter side with splitter option. It is shown through the calcula-
tion of channel matrix that the proposed scheme can improve spectral efficiency and
system throughput. The combined scheme enhances the bit-error rate (BER) of the sys-
tem by 10log,,(N) compared to traditional spatial multiplexing techniques such as verti-
cal-Bell laboratories layered space-time (V-BLAST) technique and traditional beamform-
ing technique. A combination of 3 MIMO techniques is proposed in [38] and it is shown
that the proposed scheme provides better BER performance than other system bench-
marks. It is suitable for rich scattering environment and provides diversity gain as well as
beamforming gain. However, due to increased number of antenna size and sparse na-
ture of channel in mmWave system, a hybrid precoding scheme is proposed in [25].
Through comparison with different system benchmarks, it was shown that this hybrid

scheme can be well-suited for upcoming 5G deployment. Various authors have urged
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about the necessity of hybrid precoding in their work [13]-[17] for mmWave communica-
tion in terms of reduced complexity, low power consumptions and other system aspect.
In summary, it can be said that hybrid precoding can leverage the trade-off between

energy efficiency and spectral efficiency in 5G.

1
S1 :
. : Array 1
N
] 1
S2 ;
. Array 2
N
Data In » Splitter " .
— 1
SM )
> g Array M
N

Figure 20. Transmitter structure of the proposed system model in [37]

3.2 Beamforming gain

There are two types of gains associated with beamforming techniques: array gain and
diversity gain. Array gain is defined as increase of average output SNR depending on
the antenna elements. If there are M number of antenna elements in an array, then array
gain is a maximum of M. A 30 element ULA will provide better SNR than a 10 element
ULA. For example, a rectangular signal arrives at a ULA of 10 isotropic elements from
an angle of 45° azimuth and 0° elevation. A phased shift beamformer was used to collect
the signal with noise and the output is shown in fig. 21. The signal becomes much
stronger compared to the noise as the number of elements increases in the array. The
noise floor decreases with the increment of antenna elements providing a better SNR.
Diversity gain is observed in multipath propagation. Average over fading, for a given

BER, the decrease of average received SNR is called diversity gain [25].
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Figure 21. SNR improves with the number of antenna element

Friis’ law defines the relation between the transmit power P, and receive power PB. in free
space which can be described as

P = 6,6, () P, (3.1

where all the powers are in linear scale, d is the distance between transmitter and re-
ceiver, 1 is the wavelength and G; and G, are the transmitter and receiver antenna gain
respectively. With a given amount of P, A,d, the received power P. depends on the an-
tenna gains G, and G;. Moreover, higher frequencies in 5G like 30-300GHz yields lower
A compared to conventional lower frequencies. So, from Friis’ Law it is easily imaginable
that without high directional antenna gains, the average received power will be lower in
any propagation path. Therefore, beamforming with high-dimensional array can help in-

creasing antenna gain and thus improving the received power.

A diversity order of single beamforming (transmitting one symbol from all transmitting
antenna at the same time using best sub-channel) and multiple beamforming (transmit-
ting S symbols, S>1) was derived in [39]. The sub-channels were separated from MIMO
channel using singular value decomposition (SVD) method. If the number of transmit
antenna is M and number of receive antenna is N in a MIMO system, then it is showed

that single beamforming can achieve maximum spatial diversity as an order of (M.N).
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For multiple beamforming using S number subchannel or symbol the diversity order be-
comes (M-S+1).(N-S+1).

In [50], a shared-aperture antenna (SAA) is proposed for 5G system with high gain and
pattern diversity. The concept of SAA is to combine one or more antenna in a shared
aperture for multi-functionality without affecting the performance of other antennas

shared on same platform.

Beamforming gain was measured in a 5G testbed in [18] with respect to mobility refer-
ence signal received power (M-RSRP) of user equipment (UE). Different indoor and out-
door environments were chosen to measure and log the M-RSRP. Analog grid-of-beams
(48 fixed beams) with equal power on all beams were used at the base station (BS). The
measured gain was compared with a wide beam reference antenna. It was shown that
the measured beamforming gain for different environment is higher than the reference
gain. Assuming perfect phase coherent transmission on N number of strongest beams,
hybrid beamforming gain was also measured with two transmit power option: (1) equal
power distributed over the beams and (2) optimized power proportional to received
power in UEs. For analog beamforming upper bound was set to 15 dB and for hybrid
beamforming upper bound was set to 16 dB according to system parameters. Table 2.

summarizes the measurements.

Table 2. Measured gain in different environment

Environment Analog grid-of-beam Hybrid beamforming
gain(dB) gain(dB) with required N

Outdoor  environment 11-13 14:N=2
indapan

Indoor environment 5-11 14;N=8
Japan

Outdoor  environment 7-12 14;:N=5
non-LoS propagation in
Sweden

Outdoor  environment 9-13 14:N=3
LoS propagation in Swe-
den

3.3 Interference suppression

Beamforming use the spatial dimension to suppress interference by increasing SINR. A
typical array with M antenna element has a (M-7) degree of freedom to null (M-7) inter-
fering user while providing gain towards the desired user [25]. The basic way of getting

rid of the interference problem is using zero-forcing (ZF) beamformer, which is of lower
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complexity. In ZF beamforming, weight vectors are carefully chosen from the user’s in-
verted composite channel matrix to avoid interference between user streams [40]. Fig.
22 shows a general phased-array transmitter, where a beam is formed in a desired di-
rection by varying relative delay in each element. If the input signal S(t) is delayed at
each element is a multiple of time delay 7, then the final signal that add up constructively

in a direction « is given by

dsina) ’ (3.2)

S(t) = ’,X;gs(t—kr— (N —1— k)=
where c is the velocity of light, d is the distance between antennas, N is the number of
antennas and t = (dsina/c). Similarly, the incoherent addition is directed towards the
unwanted signal to supress interference. It can be seen from (3.2) that, if P (watts) is
the omnidirectional radiation power of each antenna element, then the effective isotropic
radiated power (EIRP) towards the main beam direction can be calculated as N?P (watts).
For example, if each transmitter in an 8-element array radiates 14 dBm, then the EIRP in

the beam direction increases followingly,

EIRP = (201log;o8) + 14dBm = 18dBm + 14dBm = 32dBm.

Variable =l
delay -

Pl = -

dJ
Signal i 3 ///
igna . st ///
-

Transmitter active beam

N-1
Figure 22. N-element phased array transmitter [19]

Higher frequency reuse is possible because of higher directivity of phase-array transmit-

ter. Better interference suppression and rejection helps to increase network capacity [19].
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Most of the beamformer like ZF requires full information of CSI but in [22], it is showed
that eigen and orthogonal beamforming technique can improve SINR and help mitigating

intercell interference even with partial information of CSI to get high system throughput.

3.4 Energy efficiency

Energy efficiency is one of the desired system aspects for upcoming 5G to be deployed
globally. Among many phase-1 projects of 5GPPP, one is to establish an energy-efficient
wireless communication (Green communication) in order to reduce manufacturers oper-
ational cost and CO, emission [51]. Most of the power consumed in wireless communi-
cation is associated with BS, almost 80% [23]. In active mode the power consumption of

a BS is calculated by

_ wB(P1+Pbp)Nbs+NbsP2+Ptx/7)pa
Pactive = -2 (1=Bm) ) (3.3)

where w is the ratio of bandwidth, B is the bandwidth of the network, N, is the number

of antennas at BS. Py, P, Py,;,, denotes power consumed by ADC, filters and other trans-
ceiver part respectively. n,,, denotes efficiency of power amplifiers and P, denotes trans-

mit power of BS in the network. 8; and f3,,, denotes loss factor due to direct power supply
and main power supply respectively. Hybrid beamforming can reduce the consumed
power by employing optimal number of ADC, power amplifiers (PA) and other devices in
baseband processing in BS according to the system requirement of 5G. Beamforming
can also minimize the total power consumption of a BS by determining the optimal quan-
tity of antenna elements [24]. Multi-level beamforming can improve the cell capacity and
reduce consumed power. Multi-level beamforming is done using a multi-level codebook
suitable for a given scenario for example, urban or rural. Energy efficiency of a network

is a comparative concept and can be expressed as

Total data rate (bit/s)
Total power consumption (watt)

Energy ef ficiency = (3.4)

Even with beamforming, it is possible to reduce 50% energy consumption while providing
10 times more capacity [31]. Beamforming can reduce the required number of BSs em-
ployed individually or in collaboration with cell discontinuous transmission (Cell-DTX) in
arural area [30]. Cell-DTX is a hardware implementation that disables some functions of
BS to conserve energy in idle stage or sleep mode when there is no transmission. A rural
area model of non-uniformly distributed users was generated by Lloyd algorithm. Two
carrier frequencies were chosen: 0.8 GHz (LTE) and 28GHz (5G). The Idea was to de-
termine the number of required BS to serve 95% of that users at busy hour at 50Mbps

data rate. The simulation result shows that in both cases (LTE and 5G) beamforming
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(with DTX/without DTX) reduces average consumed power to a great extent. Moreover,
beamforming also reduces the number of required BSs which increase the signal
strength and suppress the interference which allows the system to conserve energy.

Table 3 depicts the results obtained in [30].

Table 3. Energy consumption in different conditions

System Area Area Area power Area power
(Frequency) power power consumption | consumption
consump- | consump- | when there is | when there is
tion when | tion when | only beam- both beam-
there is no | there is forming forming and
beamform- | only cell- (KW/Km?) cell-DTX
ing or cell- | DTX (KW/Km?)
DTX (KW/Km?)
(KW/Km?)
LTE (0.8GHz) 115.60 34.90 6.70 3.10
5G (28GHz) 410 2.20 0.70 0.60

3.5 System security

Secure transmission over wireless channel is another feature that can be added to beam-
forming’s benefit list. Many systems consider secrecy and energy efficiency as one per-
formance index as secrecy energy efficiency (SEE) which can be expressed as secrecy
bits per joule [35]. Beamforming can increase system security by steering main lobe to-
wards desired UE and nulls towards interferer UE. This is a common problem-solving
feature when the interferer is not in line-of-sight (LOS) with desired UE. But there are
other problems which can deteriorate the transmission between BS and UE. For exam-
ple, an eavesdropper can steal the information or listen to the signal not being in the
LOS. A jammer can jam the signal to reach destined UE. Robust beamforming algorithm
and multi-layer precoding can solve this kind of problems. A hybrid beamforming
scheme was proposed in [33] with artificially generated noise to combat eavesdropper
problem in a relay system. Two stage (Phase 1: source-to-relay and phase 2: relay-to-
source) hybrid algorithm was used to improve physical layer security of MIMO. Having
full CSI between BS and UE, beamforming vectors can be designed to transmit interfer-
ence towards eavesdropper while transmitting main signal towards respective UE in case
of channel variation or user mobility [34]. Under static channel, secrecy rate, R, of a UE

and an eavesdropper can be calculated in terms of SINR as

R, = log(1 + SINR,) — log(1 + SINR,), (3.5)
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where SINR,, and SINR, are the respective SINR of UE and eavesdropper. It is shown
in [33]-[35] that associated with other techniques and computational procedures, beam-
forming can solve the eavesdropper and jamming problems in time-varying channels in

wireless communication and can enhance overall system secrecy.

3.6 Reduction in delay spread

Due to multipath propagation, a signal travels different distances to reach receiver which
causes delay. This causes delay spread. By focusing the energy in a certain direction,
beamforming can reduce the multipath reflection and hence delay spread. In receiver
side, the delay is compensated by optimal combining of the vectors. Uncompensated

delays are cancelled by steering nulls towards their direction.

Beamforming also control the spread of Doppler frequencies occurring at the UE side
due to smaller angular spread. In an urban case, when the receive signal is the super-
position of multiple waves at random direction, Jake’s Doppler spectrum can be calcu-
lated by [52]

——— f<fn
S =4 i 1) , (3.6)
0 . f>fn

where f is the doppler shiftand f,,, is the maximum doppler shift. However, for directional

antenna at the base station, if |f| < f,,, , then the Doppler spectrum is given by [47]
_ A3
Tfmy 1 — (f / fm)?

where 4, is the mean transmitted power, ¢,, is the angle between the direction of motion

S+(f) Afo(Py + lcos™ (f /frdD) + fo(py — lcos™*(F/f)D],  B.7)

of UE with respect to the direction of BS and f,(.) is the probability density function
(PDF) of the DoA of the multipath components at the UE as given by

2
I( RT , —0,<0<6,

(Dtam(oz))2
I(sin(t9)+cos(t9)1.‘an(a))2 ’
R2

= , 0, <0< —0,

fo(0) = 6: <101 <0, , (3.8)
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Figure 23. Maximum Doppler spread can be controlled by adjusting receiver beam-
width [63]
where
I = 2R?*(m + 6, — 6,) + 4Dsin(a)/R? — D2sin2(a). (3.9

Here R is the radius of the circular area containing all the scatters, D is the distance
between the BS and the UE, « is the half beamwidth of directional antenna. 6, and 6,
are constants. Fig. 23 represents an illustrative example of beamforming employed in
Vehicle-to-infrastructure (V2I) system. By adjusting the receiver beamwidth it is possible

to control maximum Doppler spread [53]. Receiver beamwidth is given by

1.4 x 10*
f-(GHz).v(km/h) ’

0F*(°) = (3.10)
where 65%(°) is the receiver beamwidth, f, is the carrier frequency in GHz and v is the
velocity of UE in km/h. For a low-speed train (50 km/h), the receiver beamwidth can be
10° but for a high-speed train (500 km/h), the receiver beamwidth should be 1° in order

to control the maximum Doppler spread.

3.7 Overall spectral efficiency

Spectral efficiency of a wireless system is defined as the amount of information delivered
or user served under a given bandwidth in each area. It is usually expressed as
(bits/s)/Hz. [32] [41]. If a system has net data rate of 15Mbps and bandwidth of 2MHz,

then the spectral efficiency of that system is measured as follows

. bits
Net data rate in— 15Mbps bits
A =75 /Hz.

Bandwidth in Hertz ~ 2MHz

Spectral Ef ficiency =
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Beamforming improves the spectral efficiency of a channel between BS and UE in vari-
ous way [24]. Such as:

e Controlling the power of uplink and downlink signals based on AoA/DoA
e Utilizing the information of the training sequence

e Improving signal quality by beamforming antenna by suppressing interference
and thus providing better SNR

¢ MIMO system with beamforming antennas at BS can improve system capacity

and spectral efficiency with coherent precoding.

e The data rate of a system can be improved by beamforming as the download and

upload speed depends on antenna gain.
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Figure 24. Spectral efficiency measurement of hybrid beamforming

With necessary requirements met, beamforming can perform better than other transmit
diversity techniques. Beamforming is able to achieve channel capacity and maximum
spectral efficiency under certain conditions like user handoff scenario, smaller angular
spread and better feedback quality with channel state information reference signal (CSI-
RS) [26]-[28]. One of the system metrics of 5G is spectral efficiency. Fig. 24 shows the
spectral efficiency as a function of SNR in case of hybrid beamforming and optimal

beamforming. In optimal beamforming the weighting vectors were chosen to achieve
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optimum performance by diagonalizing the channel matrix. A network consists of 64x64
MIMO with 4 RF chain both at transmitter and receiver can support up to 4 data streams.
Carrier frequency was set to 30 GHz and AoD from transmitter is 60° azimuth and 20°
elevation angles. Receiver can collect the wave from any direction. A scattering environ-
ment is considered using 8 clusters and, in each cluster, there are 10 scatterers with 6.5°
angle spread. The path gain of each scatterers was computed using complex circular
symmetric Gaussian distribution. Spectral efficiency was calculated in the SNR range of
-40:5:0. 3 data streams and 50 monte-carlo iterations were used for the simulation. It can
be seen from the fig. 24 that hybrid beamforming can achieve close spectral efficiency

compared to optimal beamforming with less hardware required.
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4. BEAMFORMING MANAGEMENT

Management of beamforming usually refers to choosing the best beam-pair between BS
and UE for the best connectivity and adjust the beam-pair when necessary. It also has
beam recovery protocol if the established beam-pair is broken due to any incident and
tracking protocol for mobile UEs. Due to obstacles, the best connectivity path between a
BS and UE can be non-line-of-sight (NLOS) instead of a line-of-sight (LOS) path. Beam-
forming management is done in both uplink (UL) and downlink (DL) transmission to en-
sure the connectivity. The process of beamforming management can be divided into

many parts which are described thoroughly in this chapter.

4.1 Initial beam-pair establishment

The first step of beamforming management is to establish a beam-pair during initial ac-
cess. 5G NR uses synchronization signal (SS) blocks for initial access. When a UE en-
ters a cell, it receives a SS-block from BS. Multiple SS blocks can be transmitted in

different downlink beams.

One OFDM symbol

Figure 25. SS block structure [1]

A SS block contains physical broadcast channels (PBCH), primary synchronization sig-

nals (PSS) and secondary synchronization signals (SSS). The SS block is transmitted
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Figure 26. SS block burst set period

by orthogonal frequency division multiplexing (OFDM) technique to the UE. Fig 25 shows
a SS block structure consist of 4 OFDM symbols. In 1t OFDM symbol, PSS uses 127
subcarriers. During initial beam-pair establishment process, BS sends a burst of SS
block in each beam with a minimum interval time of 5ms in a sweeping manner as shown
in the right side of fig 26. The beam sweeping is done in a time-multiplexed fashion and
all transmitted SS blocks are called a SS burst set. Each SS burst set has a default
period of 20 ms. BS side beam sweeping also helps in UE side beamforming in uplink.

Depending on frequency range of sub-carriers, 64 beam-sweeping is possible [1].

UE BS

Preamble({PRACH)

RA Response (RAR)

" Message 3"

"Message 47

Figure 27. Random access process

As a key feature of 5G NR hardware implementation, a desired beam-pair can be estab-
lished during initial access stage. It is possible by enabling UE side analog-beam-sweep-
ing for preamble reception and merging different SS-block time indices with different ran-
dom-access channel (RACH) occasions. Based on the received preamble, the BS can
identify the downlink beam of the UE to use as an initial beam. With the help of digital
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beamforming technique, UE can sweep over the area in synchronization with the down-
link beam for uplink beam establishment. Fig. 27 shows the initial beam establishment

stage between UE and BS.

4.2 Beam tracking

Beam tracking refers to keeping the track of UE due to mobility. It is a measure to align
beamforming vectors according to the changing characteristics of a channel between BS
and UE. Beam tracking is the next phase of beam training and it is done to improve
connectivity. Sectors are grouped into high resolution beam clusters to detect the best
beam with higher resolution. Beam tracking is also done to detect the change in the
beam former and combiner vectors. The vectors value can change due to channel char-
acteristics over time. These vectors need to be adjusted for achieving optimal link. The
selection of clusters is done quasi-periodically. The best beam and its adjacent beams
are treated as best cluster. The second-best beam and its adjacent beams are selected
as second-best cluster. Beam tracking also helps in handover situation between beams.
Handover frequency of a UE can be set according to their speed. For example, a high-
speed UE can experience least number of handovers between beam boundaries due to

shorter time compared to a low-speed UE [54].

4.3 Adjustment of beam-pair

The connectivity path can face problems when an obstacle is placed between the estab-
lished beam-pair consisting of BS-side beam and UE-side beam. Beam adjustment helps
to overcome these kinds of situations. Beam adjustment also refers to the reshaping of
the beams. For example, wider beam to narrower beam. As a beam pair is consists of

BS-side beam and UE-side beam, so beam adjustment must be done in both way:
¢ Adjustment of BS-side beam, when UE-side beam is fixed in its direction

e Adjustment of UE-side beam when BS-side beam is fixed in its direction

4.3.1 Adjustment of DL BS-side beam

In DL BS-side beam adjustment, BS generates a set of reference beams and the UE
selects the best beam based on best report quantity. As shown in fig. 28, the BS side
reference beams sweeping is done by keeping the UE side beam fixed. The report quan-
tity of reference beams includes rank indicator (RI), channel quality indicator (CQl), pre-
coder matrix indicator (PMI). These 3 quantities are called channel state information

(CSI). Another quantity is very important to measure the signal strength of the reference



34

signals in wireless communication which is known as reference signal received power
(RSRP). 5G NR uses Layer-1 RSRP (L1-RSRP) as a report quantity in beamforming
management [1]. The measurement of L1-RSRP is carried out on either channel state
information reference signal (CSI-RS) or SS block. If CSI-RS is used, then it should be
limited to single or dual port CSI-RS. For SS blocks, the measured L1-RSRP is the linear
average of the individual ports. The receiver can report up to 4 reference signals corre-

sponding to 4 beams which includes:

e The measured L1-RSRP for the best beam

e The difference of measured L1-RSRP between best beam and remaining beam.

Reception

Transmission

(¢) “

Figure 28. BS-side beam adjustment in downlink

4.3.2 Adjustment of DL UE-side beam

To adjust the UE-side beam in DL, the UE follows the same technique as discussed in
4.3.1 to find the best beam-pair. Fig. 29 represents the DL UE-side beam adjustment
procedure where the BS-side beam is fixed. The only difference is that there is no report
quantity as the adjustment is done within the UE [1]. The UE has internal resource set to
adjust the beam according to the BS-side beam. The resource set sweep the UE beams

over the reference signals to detect best beam-pair.
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Reception

Transmission

(¢)

Figure 29. Downlink receiver side beam adjustment

4.3.3 Adjustment of UL BS-side beam and UL UE-side beam

The uplink beam adjustment also take place as the same manner as downlink beam
adjustment. The transmitter (BS) and receiver (UE) changes side and continue the whole
process as uplink beam management. However, once a downlink beam adjustment is
done there is no need for explicit uplink beam adjustment. In the similar way, if uplink
beam adjustment is done before and maintained then there is no need for explicit down-
link beam adjustment. If explicit uplink beam adjustment is required, then it can be done
in the similar way as the downlink beam adjustment is done. The report quantity in that

case is configured sounding reference signal (SRS) instead of CSI-RS or SS blocks.

4.4 Beam-pair recovery

Due to rapid movement of UE or other uncertain events in the environment, the estab-
lished beam-pair could be blocked or hampered without giving enough time for beam
adjustment. The specific procedures that helps to overcome this kind of situation is called
beam recovery and consists of following steps:
1. Beam failure detection: UE detects a beam failure.
2. New beam-pair identification: UE tries to identify a new beam-pair to restore con-
nectivity.
Recovery request: UE sends a recovery request to the BS.
BS Response: BS response to the request made by the UE.
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4.4.1 Detection of beam-pair failure

Device detects an ‘beam failure instance’ has occurred if-

o Error probability of physical downlink control channel (PDCCH) exceeds a certain

value
o Measured L1-RSRP of the signal is under a certain value

If such ‘beam failure instances’ exceeds a configured value, then the UE declares beam

failure and initiates beam recovery procedure.

4.4.2 Selection of new beams

In this state, the UE tries to find a new beam-pair from candidate beam-pairs in order to
restore connectivity. A set of CSI-RS or SS blocks as reference signal is configured
within a UE. This reference signals are treated as candidate beams and transmitted
within a specific downlink beam. The best beam-pair is selected based on the measured
L1-RSRP of the candidate beams. The BS and UE then follows the same beam estab-

lishment process discussed in 4.1.

4.4.3 Requesting recovery

If the beam failure is detected and the UE has found a new beam-pair to restore connec-
tivity based on measurement, then it sends a beam recovery request to the BS. The
request consists of preamble transmission and random-access response (RAR). The
preamble transmission is carried out using specific preamble configuration such as
RACH occasions and preamble sequence. Random access is done with power ramping

parameters.

4.4.4 Response

After sending a beam recovery request, the UE monitors the downlink from the BS. The
monitoring starts after 4 slots of sending request. If the BS does not response within a
configured time, the UE sends the request again after adjusting power ramping param-

eters.
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5. BEAM TRAINING PROTOCOL AND ALGO-
RITHM

In order to illustrate potential beam training protocol for 5G, the one used in |IEEE
802.11.3c [42] works as a concrete example and can be an option for 5G. In this chapter,

beam training protocol and algorithms to train the beams are discussed.

5.1 Beam training region

Beam training region is the 360° angular area of a transmitter or receiver. It is divided
into 3 parts- Quasi-omni regions, sectors and beams. Beams can be further divided into

high-resolution beams and low-resolution beams.

5.1.1 Quasi-omni region and sectors

The quasi-omni pattern is a lower resolution area around the beamformer which covers
a broader region than sector level and beam level. A sector covers relatively small area

than quasi-omni region. A sector consists of multiple beams. During initial beam sweep-

Qa1
57
52
@ BS/UE
S6 s3

Q2

(a) (b)

Figure 30. (a)quasi-omni regions; (b)multiple sectors

ing, the beamformer divides the radiating region into quasi-omni pattern of different sec-
tors. After selecting the right quasi-omni region the beamformer then selects the appro-
priate sector from the multiple sectors of selected quasi-omni pattern. Fig. 30 (a) shows
2 quasi-omni pattern region and fig. 30 (b) shows 8 sectors around a BS/UE. Sectors are

narrower region than quasi-omni regions.
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5.1.2 Beams

The sectors are further divided into multiple low-resolution beams and high-resolution
beams. Among those beam the transmitter and receiver selects the best beam pair. From

fig. 31, the division based on the resolution or number of beams can easily understood.

BO BO

Figure 31. (a)Low-resolution beams (b)High-resolution beams

A codebook is a MxM matrix containing beamforming vector or combining vector, where
M is number of antenna element of an array. If the desired number of beam pattern is K,
then the codebook beam vectors can be derived from the column vectors of the matrix

shown in following equation [42]:

_ (mxmoati+(X)x)

X
when k > M ; W(m,k)=j{ K }form=0:M—1andk=0:k—1. (5.1)

(—j)med(mk) m=0:N—1landk =0
When k == W(m, k) = ﬂx[mxmodw(g),k]] . (5.2)
(-1 K m=0:N—1landk =1:K —1

The function fix(.) returns the biggest integer smaller than or equal to its argument. It is
similar to round(.) function which returns the closest integer to the input argument. Beam
level training helps to achieve the optimal beam pair for transmitter and receiver. Beam
level training is done by using a set of beam former and combiner vectors from the code-
book.

A frame structure similar to 5G NR is proposed in [55] for beam training. Fig. 32 describes
the establishment of beam training via a handshake or acknowledgement after downlink
beam training and uplink beam training. Each beam is trained by using unique tone for

their pilot frequency. A frame is divided into subframes and subframes are further divided
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Figure 32. Proposed frame structure [55]

into slots. First subframe is used for beam training as initial access and rest are used for
tracking (TK) and data transmission. Slots are the smallest unit of time and based on
frequency can be adjusted in duration. In downlink training PQ time slots are used where
BS sequentially sweep over P direction and UE sequentially sweep over Q directions. In
uplink time slot expand to PQ+Q slots. Downlink acknowledgment and uplink acknowl-

edgement are done in two time slots.

5.2 Approaches

There are various types of approaches used in training and tracking the beam. Two of
the most popular approaches are: Brute force (sequential) method and Tree-based

(adaptive) method.

5.2.1 Brute force (sequential) method

This method performs an exhaustive beam searching according to a predefined code-
book. The beamforming vectors are chosen according to the codebook to sequentially

scan the 360°angular space. The best beam-pair are determined on the basis of highest



40

Step 1 AB Step 2 "A

Step 6

Figure 33. Exhaustive search training

received SNR [56]. Having 8x8 antennas at BS, 16 narrow beam direction can be cre-
ated and using 2x 2 antenna at UE 4 wide beam direction can be created. Fig. 33 depicts
such scenario where 4 PSS signals are sent towards UE in 4 DL slots to match with the
4 receive direction (step 1-4). Then in UL training UE sends back its PSS and decides
which beam to select for connectivity (step 5). These 4 DL slots and 1 UL slot makes
one Initial access macro-element, k. Same process is repeated for all 16 directions. Step

1-5 denotes a procedure for k=3/16. Step 6 indicates the starting of procedure for k=4/16.

5.2.2 Tree-based (adaptive) method

This method divides the region from wider beams to narrower beams in an iterative man-
ner. In each iterative phase, the previously selected angular region in again divided into
smaller region. Fig 34 depicts division of region based on AoA and AoD. Red marker
denotes the selected region which is divided further for beam refinement. Beamforming

vectors are updated accordingly to perform scan in selected angular region after each
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successful iteration. A parallel-adaptive scheme showed that sector level training can be

achieved in 6 slots [57]. Thus, adaptive beam training can be done in reduced number

Stage 1 Stage 2

\
N

ay

AcD
AocD

A AcA

NN

e
Ay

Figure 34. Parallel-adaptive beam training method

of time slots compared to sequential training. Misdetection probability refers to the prob-
ability of undetected UEs in the discussed approaches. Due to broader division of re-
gions, UE often remain undetected in adaptive method compared to sequential training.

Table 4 shows a comparison between sequential method and adaptive method.

Table 4. Comparison between sequential method and adaptive method

Parameters Sequential method Adaptive method
Training time High Low
Misdetection probability Low High

5.3 Beam training algorithm

The beam training algorithm refers to achieving optimal cost function in terms of design-
ing the beamforming vectors. Beamforming techniques can be generally classified into

two categories:
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1. Conventional (switched) beamforming: In conventional or switched beamforming,
a fixed set of weight and phase-shifters are used to steer the beam towards de-
sired direction. Location of antenna elements in the array and desired direction
of angle is enough for the calculation. One popular example can be stated as

Butler Matrix.

2. Adaptive beamforming: Adaptive beamforming uses different information to up-
date its beamforming weight to adapt with the situation and perform accordingly.

Multiple signal classification (MUSIC), iterative sparse asymptotic minimum vari-

ance (SAMV) are some example of adaptive beamforming.

Figure 35. (a) Adaptive beamforming (b) switched beamforming

Fig. 35 shows an illustrative difference between switched and adaptive beamforming. A
switched beamformer is typically made of phase shifters, hybrid coupler and crossovers.
One popular algorithm for switched beamforming is Butler matrix. The objective of Butler
matrix algorithm is to choose a suitable beam to obtain the desired signal. In a Butler
matrix, majority of the beams may not be pointing towards desired direction, which
causes waste of energy. A classic butler matrix can be NxN input-output port where N is

a power of 2. Thus, a butler matrix can be order of 2x2, 4x4 or 8x8. Fig. 36 (a) shows a
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Figure 36. (a)4x4 Butler matrix (b)beam pattern produced by 4x4 Butler matrix

butler matrix of order 4x4 and fig. 36 (b) shows the produced 4 symmetrical beams.
Exciting one port can result into 4 symmetrical fixed-directional beams using phase shift-
ers and couplers. The degree of freedom is very limited in classic butler matrix. However
recent research shows that asymmetrical beam with limited steering and even 3 x5 Butler

matrix is also possible [58][59].

Adaptive beamforming algorithm can be mainly classified into 2 categories- blind algo-
rithm and non-blind algorithm. Fig. 37 shows a detailed classification of beamforming
algorithms. Non-blind algorithms require to know the statistics of the transmitted signal
or some reference in order to calculate the weighting vector. This reference can be clas-

sified into 2 categories:
1. Spatial reference such as AoA or DoA.
2. Temporal reference such as training signal.

A training signal is used along the communication link to detect the user. The goal is to
maximize the desired signal and minimize the unwanted interference between transmit-
ter and receiver. If x(t) is the desired signal and w' is the complex conjugate transpose

of the weighting vector, then the output signal is given by

y() = whx(t). (5.3)

In non-blind algorithm, a reference signal is used to update the weighting vector after
each iteration in order to minimize the error and get as close as the desired signal. If d(t)

is the reference signal, then the error signal is described as follows

e(t) =d(t) —wlix(t). (5.4)
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Figure 37. Beamforming algorithm Classification [24]

Blind algorithms don’t require any information beforehand to train the beams. The main
objective of blind algorithms is to re-establish the physical characteristic of downlink sig-
nal. Blind algorithm uses some known properties of a signal such as constant modularity.
The authors in [24] provide some examples of adaptive algorithms such as the least-
mean-square (LMS) algorithm, the recursive-least-square (RLS) algorithm, sample ma-
trix inversion (SMI) and conjugate gradient (CG) algorithm are some widely known non-
blind algorithms. Among blind algorithms, the constant modulus algorithm (CMA), least
square constant modulus (LS-CMA) algorithm, linearly constrained minimum variance
(LCMV) and minimum variance distortion-less response (MVDR) algorithm are widely
popular. LCMV and MVDR shows improved performance in terms of improved SINR at
receiver and steering nulls towards interferer. Due to self-nulling issue, LCMV beam-
former are preferred over MVDR beamformer. A system model was generated using
‘pashed.LCMVBeamformer’ function to compare performance analysis of a LCMV beam-
former with conventional beamformer. A signal containing two rectangular pulse is inci-
dent on a 10 element ULA from 30° azimuth and 0° elevation angle. A complex-valued

white gaussian noise was added to the signal and a barrage jammer was created as an
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Figure 38. Performance analysis of a LCMV beamformer
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interference source. The interference is incident on the ULA from an angle of 160° azi-
muth and 0° elevation. Fig. 38 shows that LCMV beamformer can retrieve the signal with
a better SNR than conventional beamformer. Additionally, LCMV beamformer success-

fully steer the null towards the interference at 160° azimuth angle as shown in fig. 39.

The main driving factors of these algorithms depend on their speed of conversion rate,
number of iterations performed and accurate resolutions in terms of SNR. New tech-
niques and algorithm are invented and incorporated with the existing algorithm to achieve
better performance. For example, particle swarm optimization (PSO), dynamic mutated
artificial immune system (DM-AIS) and gravitational search algorithm (GSA) were incor-

porated into LCMV to improve its weight [24].

Machine learning is integrated with coordinated beamforming to serve high-speed users.
In coordinated beamforming, a UE transmit an uplink pilot sequence and the BSs receive
the sequence using omni or quasi-omni pattern. BS predicts the beamforming vectors

from the received sequence using a deep learning method [60].

The position of the UE can be also used to update transmit beamforming vector instead
of acquiring CSlI as feedback. Global positioning system (GPS) data of a UE can be used
in that case [46]. GPS positioning accuracy (up-to 20m in most cases) can affect the

angular precision of beamforming. The maximum angular error can be calculated by
20
Qmax = arctan (?), (5.5)

where R is the distance between BS and UE.
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6. CONCLUSIONS

Operating at mmWave, it was shown that beamforming can allow implementation of mas-
sive number of antennas in a smaller array. This huge number of antenna elements in-
creases the directivity of the beam pattern, which can be used to compensate high path
loss in 5G mmWave system. Additionally, it allows more degree of freedom as narrower
beam can be formed from the BS to the UE ensuring the maximum throughput and spec-
tral efficiency. It was shown that beamforming technique along with other MIMO tech-
niques can provide spatial diversity as well as combat fading due to multi-path propaga-
tion. In terms of array gain and diversity gain, beamforming can provide better SNR at
receiver and decrease BER as a function of SNR. Different beamformer can successfully
supress interference in unwanted direction by steering nulls towards them. Beamforming
helps to conserve energy at BS not only in active mode but also in sleep mode compared
to other techniques. It was shown that beamforming can also solve secrecy issue in
wireless communication. Varying receiver beamwidth it is possible to control maximum
Doppler spread. By enhancing such different system benchmark, beamforming ulti-
mately increases the data rate and spectral efficiency of a system. Considering all the
benefits associated with beamforming, it can be said that beamforming is an ultimate

deployment option for 5G both in SA and NSA mode.

Beamforming management discusses about the directional initial access and sustainable
connectivity in 5G. It also provides different protocol for different situation like user mo-
bility, beam-pair failure (etc.). Beam tracking helps to overcome difficult handover situa-
tions. Comparing sequential and adaptive beam training approaches, it was shown that
there remains a trade-off between training time and misdetection probability in both
cases. Different algorithms are designed using different system parameters in order to
achieve optimum weighting vectors. Comparing different types of beamforming algo-
rithms, it can be said that adaptive beamforming algorithms are the most suitable option

for 5G system.

Though beamforming solves most of the existing problems related to 5G wireless com-
munication, yet there are some challenges to overcome. Trade-off between selection of
RF chain for each antenna (in full-digital beamforming) and hardware complexity with
power consumption is still not fixed fully. Pilot signal overhead is another challenge in
beam training scenario to reduce time slots. Designing efficient algorithm to exploit max-

imum channel capacity is a subject to research. Another challenge can be addressed as
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acquiring CSI between transmitter and receiver which uses considerable amount of

spectral resources.

Future trends can be the incorporation of different system enhancement techniques with
beamforming. With the advancement of technology, the hardware or software collabora-
tion with beamforming is increasing day by day. For example, using machine learning for
predicting the accurate beamforming vectors and using vehicle-to-vehicle (V2V) and ve-
hicle-to-infrastructure (V2I) beamforming for better coverage during mobility. Photonic
assisted chips are used to design beamforming architecture for faster data processing
and conversion rate. Research and development can be done in other areas related to
beamforming such as designing the efficient network structure and acquiring perfect

channel conditions.

This thesis can be helpful in research purposes in such a way that the reader can get a
detailed overview of beamforming management and beam training techniques in 5G sys-
tem. Comparing different parameters of beamforming, in conclusion, it can be suggested
that optimally designed hybrid beamforming structure with robust adaptive beamforming

algorithm can help 5G NR to achieve its performance benchmark in near future.
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