SPRINGER BRIEFS IN
ELECTRICAL AND COMPUTER ENGINEERING

F._

KnZhe -ei Xig
Massive MIMO
in 5G Networks:

Selected
Applications

@ Springer



Long Zhao * Hui Zhao = Kan Zheng « Wei Xiang

Massive MIMO 1n 5G
Networks: Selected
Applications

@ Springer



Long Zhao

School of Information and Communication
Engineening

Beijing University of Posis
and Telecommunications

Haidian District, Beijing, China

Kan Zheng

School of Information and Communication
Engineering

Beaing University of Posts

Hui Zhao

Sehool of Information and Communication
Enginecring

Beijing University of Posts
and Telecormmunications

Haidian Districy, Beijing. China

Wei Xiang

Colbege of Science and Engineering
James Cook University

Cairns, Queensland, Australia

and Telecommunications
Haidian District, Beijing, China

155N 2191-8112 ISSN 2191-8120  felecronic)
SpringerBriefs in Electrical and Computer Engineening

ISBM 978-3-3 | 9-63408-6 ISBM 978-3-319-68408-3
heeps:ffchod orgd 10, 1 007978- 3-3 19-68409-3

feBook)

Library of Congress Comirol Number: 2001 7955546

£ The Autharizh 2018

This work is subject 1o copyright. All rights are reserved by the Pablisher, whether the whole or part ol
the materal s concerned, specifically the rghts of ranslation, reprinting. rewse of ilbustrations, recitstion,
broaidezsting, reproduction on rn.lcmﬁlrmonn any oiber physical way, oml iImrsmission or informution
siorage and retrieval, electronic adag W, fiware, or by similar or dissimilar n'hcl]mt.hnlngv
novw krevn of hereafter developed,

The use of gemeral descriptive names, registered names, iradenarks, service marks, eic, in this publicaion
does not inaply, even is ihe absence of a specific statement, that sisch names are exenpt from the relevant
protective laws and regulations and therefoee free for general use,

The publasher. the authors and the editors are salie 1o assumnse that the sdvice and information in this book
are believed 1o be tree and accurate a1 the date of publication. Neither the publisher nor the awbors or
the edilors give & warmanly, express or implied. with respect 1o the material contained herein o for any
ermors or gmissions thal may have been nude. The publisher remains neutral with regand to jurisdictional
claims in published maps and institutional affiliztions,

Printed on acid-free paper

This Springer imprind is [mhllslm.lh} 'i]mn:ﬂ' anu.n.-
The regisiered ¢ v is Springer Ini Pablishing AG
The registered company address is: Gewerhestrasse 11, 6330 Cham, Switzerland




Contents

1 Introduction .

1.1

1.2

References ..

G Hm,l'

I.1.1
1.1.2 5G Technology .
MIMO Technology ..
R |
1.2.2 Muassive MIMO ..
1.3 Aim of Monograph..

5G Roquumru,nlz-

Traditional M[MCI

2 Massive MIMO Technology ., .,
Main Application St'enunm
211

21

Bt
E)

i

Homogeneous Ncmm.’iccmnns
2101 Muli-Layer SﬂLI:uanlLun .............................
2.1.1.2  Adaptive Beamforming .. ...cccieiiinimireirainniniis
2.1.1.3  Large-Scale Cooperation .. ... .oocociiii ..
Heterogeneows Network SCenarios v eersssaiiiiiiirrnsnassnss
2120 Wirsless Backbanl...ooooi0 i e s
2.1.2.2 Hotspot Cv:n-'cm,ge
2.1.2.3 Dynamic Cell ..

Physical Layer Technology ..
291

=
!‘-J

Precoders/Detectors in Smg]a—(‘cll E.mlmnml:ml. .............
2.2.1.1  Theoretical Performance ..

2212 Measurement P‘crftmanc:
2213 Simulation Results .
Precoders/Detectors in Multi- Ccll En\rlmnm:nh ..............
2.2.2.1  Pilor Contamination in Mulii-Cell Scenarios ........
22272 Remedics of Pilot Contamination ........cccceeenn...

S5 88 o) =1 Lh fa Lk BB R — = —

L=

10
4]
11
12
13
14
14
[
17
19
19
22



Contents

viil
223 Non-ideal Factors Limitation of LS-MIMO ... ..ooooeel.o
TRL ImpereetRE. L b e
2232 MNon-ideal Handwar ... ..occcccvamassnvererrsennnnnes
23 Networking Technology .. 3
231 Imter-Cell Tn1c1'F¢|'¢m:c (‘m:rd:na!mn
2.3.1.1 Homogeneous Ncmm‘kﬂ
23.1.2  Heterogeneous Networks ...
232 Scheduling ..
23.21 Full(“Sl H:-Lmd‘ichr:dullng
2.3.2.2 Partial C5l1- B&HMEL]‘IGE]IJ“I‘IJ,
24 ‘iumma:}
References ..

3 Massive MIMO-Aided Millimeter Communication ']nthnulﬂgy .........
Background. . R ey e ok
Deployment 11[' M LIIlrru..tLr—W.n: 'C ommunications .

3l
32

33

34

35

321
322

Typical Deploymen Scenarios. .

Frame Structure

Physical Laver :‘.‘iml!enge« .m:l Sulutmm

331

CS1 Acquisition , .

331 Piloa Scmm Pmblem

33.1.2 Solutions ..

Beamforming SLhL.m :
33.2.1 Problems of Beamfurmmgﬂ‘mmdlm
3322 Solutions ..

MAC amd Networking Dc:ngn

34
342
343

FEouting in Multi-Hop HﬂSNCtH
Access Control and Interference Cmrdmulm
Mm-Wave Softcell Concepl......ccocooiiininiiirerareaea s

Performance and DisCUSSIonS ......ooiiiiiciarssssiiiiiiiiiissassasass

B R . e S T

4 Massive MIMO-Assisted Energy Transfer Technulnmr-... ki G e L
Background...
4.2 Downlink H:,lhrr.d In!urrn.mun JI'II:] ETII:I'H} Tr'.lmI'Lr

4.1

4.2.1

4.2.2

Downlink HIET System Maodel ..
42010 Channel Model . .....oovvrroriioiosnsnsmissrorrreesssn
4.2.1.2 Transmitter..

42.1.3 Receiver, .
Power Allocation Pmblem f-:-r HIET Symem* S —

43 Power Allocation of Single Cell Scenanio ..

4.3.1

Power Allocation with Perfect TSI ....ooovviiiiiiiiiiians
4,311 Power Allocation for Information Users . ,...........
4.3.1.2 Power Allocation for Energy Users .....oooviiias
4313 Tradeoff Between Harvested I-'ru.rg\.l and
Information Rate . A e

24
25
25
28
%
23
29
31
il
a2
34
35

£l
R
41
41
43
44
44
45
45
46
46
47
43
48
A0
52
52
55
56

57
57
59
349
i)
60
61
62
62
62
63
64

65



Contents.

432

Power Allocation with Estimated CS1.. ... iiiiiiinnns
4.3.2.1 Power Allocation for Information Users .............

4.3.2.2  Power Allocation for Energy Users .

4323 [.'ompﬁmmnofmu ﬁlmlng&hmnm

Performance Evaluation ..
4331  Information R.m,
43132 Hane'ﬁtﬁ:ll-'n.l:'rg\l

4333 Tradeofl Between Infmu[mn Ram and

Harvested Energy. ..

44  Cooperative Energy Transfer of Mutu-CeiI Sumanu

4.4.1  System Maodel of Cooperative Encrgy Tr-m-..tcr
4.4.2 Centralized Encrgy Premrjer
4.4.2.1 Perfect CSI..
4422 E’il]l'l'ldl:l:lcsl
4.4.2.3 Comparison BEIW'EEH Nun cmpcmtwe aml
Cooperalive SChEmes ..o asivssisisviiesaassass
4.4.3 Distributed Energy Precoder ....ooovimimiianiniirnnnans
4431 Local Energy Precoder ..o
4432 Algorithm Descriplion . ..occcceveniuiiiiiiiiiaii.
4433 Convergence........oovnees
4434 Complexity .
444  Performance l:vaiuatmn
4441  Comparison Betwcen Nun Loupemme ..m:i
Cooperative Schemes .........
4442 Companzon Belween Cenu*.ﬂmtd uml
Distributed Fm.ng Precoders..
4.5 Summu-_'.-
References ..

5  Conclusion and Outleck. .........
5.1 Conclusion .........
5.2 Future ReseauhDjfecuuns
REfEICTICES e v cviven nsssanns

67
67
70
71
T
72

74
75
76
77
77
7%

79
79
B0
82
83

85
85

i
&7
B

a1
a1
a1
93




Acronyms

2D
an
IGPP

ABS
AEs
ADA

AWGN
BE

BER

BF
BI-GDFE

CESM
CEP
CIRs
CPS
CR
CRE
CRS
Ccsl
CsIT
DASs
DL
DoF
DPC

eMBB

Two-Dimensional
Three-Dimensional

3rd Generation Partnership Project
Fourth Generation

Fifth Generation

Antenna Array

Almaost Blunk Subframe
Antenna Elemems

Azimuth of Armival

Augmenied Reality

Additive White Gaussian Noise
Bandwidth Efficiency

Bit Error Ratio

Beamformer

Biock-lterative Generalized Decision Feedback Equalizer
Base Swation

Correlation-Based Stochastic Model
Constant Envelope Precoding
Channel Impulse Responses
Cyber-Physical System
Comelation Rotation

Cell Range Extension

Cell Specific Reference Signals
Channel State Information

C51 at the Transmitter
Distributed Antenna Systems
Dowenlink

Degrees of Freedom

Diny Paper Coding

Encrey Efficiency

Enhanced Maobile Broadband



xii

eMNB
EohAs

FD

FDD

FFR

FFT

FIR
HetNet
HetSNets
HIET
HomoNet
1Cl

icic

i.id.

IoT

15D

151

Ul

LoS
LS-MIMO
LTE

MAC
MAP
MAX-MIN
MeNB
MF
MIMO
MIN-MAX
ML
mm-wave
MMSE
MMSE-SIC
mMTC
MRC
MRT
MSE
MU-MIMO
MUEs
MLaS
NOMA
OFDM
OFDMA
PAPR
PAs
PBCH

evalved Node B

Elevation angle of Arrivals

Freguency Domain

Frequency Division Duplex

Fractional Frequency Reuse

Fast Fourier Transform

Finite Impulse Response

Heterogeneous Network

Heterogencous and Small Cell Networks
Hybrid information and Energy Transfer
Homogeneous Network

Inter-cell Interference

Inter-cell Interference Coordination
Independent and Identically Distributed
Internet of Things

Inter-Site [istance

Inter-Symbaol Imerference

Inter-User Interference

Line of Sight

Large-Scale MIMO

Long Term Evalution

Moedia Access Control

Maximum Posterior Probabality
Maximizing the Minimum

Macro-cell eNB

Maiched Filter

Muluple-lnput and Muluple-Output
Minimizing the Maximum
Maximum-Likelihood

millimeter-wave

Minimum Mean Square Error

MMSE bised Soft Interference Cancellation
Massive Machine Type Communications
Maximum Fatio Combining

Maximum Eatio Transmission

Mean Square Error

Mulgi-User MINMO

Macro-cell UEs

Mon Line of Sight

Mon-Orhogonal Multiple Access
Onthogonal Frequency Division Multiplexing

Orthogonal Freguency Division Multiple Access

Peak o Average Power Rato
Power Amplifiers
Physical Broadcasting Channel

AcTonyms



Acronyms

PDF
PDSCH
P55/555
QoE
QoS

RF

RMS
RRC
RRUs
RSRP
RTDD
RZF
SDMA

SeNBs

xiil

Probahility Density Function
Physical Downlink Shared Channel
Primary/Secondary Synchronization Signals
Qualaty of Experience

Quality of Service
Radio-Frequency

Root Mean Squared

Radio Resource Control

Remote Radio Units

Reference Signal Received Power
Reversed TDD

Regularized ZF

Spatial Division Muliiple Access
Spectrum Efficiency

Small-cell eNBs

Symbol Ermor Ratio

Soft Frequency Reuse
Signal-to-Interference- plus-Noise Ratio
Signal-to-Noise Ratio

Small-cell UE=s

Time-Dhomiain

Time-Division Duplex

Transmit Precoding

Tabu Search

Transminer-Receiver

User Equipments

Uplink

Ultra-Reliable and Low Latency Communications
Wector Penurbation

Virtual Reality

Wireless Gigabit Alliance

Wireless Personal Area Networks
Zero-Forcing



Chapter 1
Introduction

Massive Multiple-Input and Multiple-Ouwtpur (MIMO) technology is an important
and timely topic, which is largely motivated by the requirements of the Fifth
Generation (56) or fwure wireless communications. By offering a large number of
Degrees of Freedom (DaF), 50 is capable of simultaneously serving multiple users
wilh high zains and thus improving the system Spectrum Efficiency (SE), Energy
Efficiency (EE) and reliability. Different from existing studies in the literature,
this book Focuses specifically on the state-of-the-art of massive MIMO and s
typical applications, such as millimeter-wave (mm-wave) communications and
wireless energy transfer. In this chapter, we first present the motivations of massive
MIMO following a short overview on the requirements and technigques of 5G
communications. Then, basic concepts alongside the pros and cons of both MIMO
and massive MIMO systems are given, The aim of the monograph is provided at the
end of this chapter.

1.1 56 Brief

LLI  5G Requirements

Mohile Internet and the Internet of Things (IoT) are two key market drivers
for 3G communications, The applications of 3G communications include cloud
computing, cHealth services, automotive driving, tactile Internet, Augmented Real-
ity (AR Wiriual Reality (VR), Cyber-Physical System (CPS) and so on. These
applications could be classified into three use scenarios, i.c., Enhanced Mobile
Broadbamd (eMBEB), Massive Machine Type Communications {mMTC), and Ulira-
Reliable and Low Latency Communications (LRLLC) [1, 2].
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1 Introduction

In order w support the requirements of the three use scenarios, some performance
targets of 56 communications are defined, i.e. increasing throughput by FODO-
fold, improving EE by 10-fold, shortening the end-to-end delay o 1051710,
increasing the number of connected equipment by 10-100 folds, amd prolonging
ihe battery lifespan of low-power equipment by 10-fold, Some research projects for
56 communications have been launched at home and abroad in order 1o achieve the
performance targets of 5G before 2020 year [1].

1.1.2  5G Technology

There are three key techniques for 5G communications from the perspective of
system capacity. That is, the massive MIMO techmque is first adopted w improve
system SE: mm-wave spectral resources are employed to expand system bandwidth;
and multi-layer and ultra-dense networks are deployed o increase geographic
spectral rense, The systems employing massive antenna arrays 1o serve mulliple
users are dubbed massive MIMO communication systems. Massive MIMO svstems
are capable of combatting the severe fading of mm-wave signals, providing the
wireless backhaul. and suppressing interference in molti-layer and denser networks.
Therefore, this monograph focuses on massive MIMO technology and their iypical
application scenarios in an attempt w0 provide the basic theory and paradigms for
practical system designs.

1.2 MIMO Technology

Bandwidth Efficiency (BE) or SE is wsually one of the most imporant metrics
to select candidate technologics for next-generation wireless communications sys-
tems. Meanwhile, with excessive power consumpltion in wireless communications
networks, both carbon emissions and operator expenditure increase year by year
13, 4]. As a result, EE has become another sigmificant metric for evaluating the
performances of wireless communications systems with some given BE constrainis

[5-7].

121 Traditional MIMO

MIMO technology has attracted much atteniion in wireless communications,
because it offers significant increases in data throughput and link range without
an additional increase in bandwidth or transmit power. In 1993 and 1994, a
MIMO approach was proposed and the commesponding patent was issued [8], where
multiple transmit antennas are co-located at one wansmitter with the objective
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of improving the attainable link throughput, Then, the first laboratory prototype
of spatial multiplexing was implemented o demonstrate the practical feasibility
of MIMO technology [9]. Nowadavs, MIMO has been accepted as one of key
fechnologies in Fourth Generanon (40 wireless communication systems. When an
evolved Mode B (eNB) equipped with multiple antennas communicates with several
User Equipments (LEs} m the same tme-frequency resources, it is referred to as
Multi-User MIMO (MU-MIMO). MU-MIMO 15 capable of improving either the
BE or the reliability by improving either the multiplexing gains or diversity gains
[a).

1.2.2  Massive MIMO

In order to scale up these gains of traditional MIMO, the massive MIMO concept,
which is also known as Large-Scale MIMO (L5-MIMO) scheme often also asso-
ciated with the terminologics of large-scale antenna systems, very large MIMO,
viery large MU-MIMO, full-dimensional MIMO, hyper MIMO, etc.. was proposed
by Marzetta in [11]. More explicitly, massive MIMO refers (o the system that
wses hundreds of antennas o stmultaneously serve dozens of UEs. Both theoretical
and measurement results indicate that massive MIMO is capable of significantly
improving the BE, which simultancously reducing the transmit power [12, 13]. As
a result, massive MIMO is regarded as a candidate technique for next-generation
wirgless communications systems coneeived for the sake of improving both their
BE amd EE.

As the down tilt of an Antenna Amray (AA) is Axed, truditional MIMO technology
can only adjust signal transmission in the horizontal dimension. In order to exploit
the vertical dimension of signal propagation. AAs, such as rectangular, spherical and
cylindrical AAs, were studied by the 3rd Generation Partnership Project (3GPP)
[14-16]. MIMO with these arrays can adjust both arimuth and elevation angles,
and propagate signals in Three-Dimensional (3D) space, thus termed 3D MIMO.
To further increase capacity, 30 MIMO deployvs more antennas 1o schieve larger
multiplexing gains. Meanwhile, massive MIMO adopts reciangular, spherical or
cylindrical AAs in practical systems considering the space of AAs, Therefore, 3D
MIMO with massive antennas can be seen as a practical deployment means of
massive MIMO,

Massive MIMO can improve BE since it can achieve large muoltiplexing gains
when serving tens of UEs simultaneously [11, 17]. The significant increase in
EE is due to the fact that the use of more antennas helps focus energy with an
extremely narrow beam on small regions where the UEs are located | 18], Apart from
these advantages, massive MIMO can enhance transmission reliashility owing 1o the
excessive DoF [19]. Inter-User Interference (U can also be alleviated because
of the cxtreme narrow beam [12], In a massive MIMO system, individual element
failure of the AA is not dewramental to the performance of the entire system [ 12].
Simple low-complexity signal processing algorithms are capable of approximating
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the performance achieved by optimal methods, such as Maximum-Likelihood (ML)
muliiuser detection and Dirty Paper Coding (DPC) [13]. The latency of the air
interface can be reduced and the protocols at the Media Access Control (MAC)
layer can be simplified because of the channel harden phenomenon and sufficient
capacity [20].

Certainly, the complexity of signal processing. including Transimit Precoding
(TPCY, channel estimation and detection, increases with the increasing number of
antennas, On the other hand, the maximum number of orhogonal pilol sequences
15 limited by the coheremce interval and coherence bandwidih. Therefore, the
performance of massive MIMO systems is constrained by pilot contamination due
to pilot reuse in multi-cell scenarios [11], Moreover, compared o the Physical
Downlink Shared Channel (PRSCH) employving either precoding or beamforming,
the Signal-to-Interference-plus-Noise Ratio (SINR) of the Physical Broadcasting
Channel {FBCH) is lower due to the omni-directional signal transmission [21].

According te the current literature related 1o massive MIMO, the major research
directions about massive MIMO are listed in Table 1.1, some of which have been
investigated in [12, 13] and |22] while others are not.

1.3  Aim of Monograph

Curremly, fundamental theoretical problems and several physical-laver technigues
of massive MIMO have already been widely investigated. For example, the capacity
amd realistic performance of precoding and detection for massive MIMO have
been analyzed from the viewpoint of information theory [13, 22]. Additionally, the
advantages and disadvantages, and the limitations of massive MIMO are spelt out in
[12]. However, the performance of massive MIMO and its potential applications are
mich more influenced by practical factors, which have not been well investigated
50 far,
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Therefore, in addition to a comprehensive investigation on the theoretical perfor-
mance of massive MIMO, this monograph first pays more atiention to discussing
issues from the system or network point of view, such as practical application
seenarios of massive MIMO, networking technigues and 5o on. Then, based on basic
theory, two typical applications of massive MIMO, ie, mm-wave communication
networks and wireless energy transfer networks, are discussed in detail. In massive
MIMO-aided mm-wave communication networks for 5G communications, both
the physical-layver and networking-layer techniques are discussed and designed.
However, in massive MIMO-aided wireless energy transfer networks for future true
wireless communications, cooperative resource allocation is emphasized in an effort
to improve energy transfer efficiency,
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