KEY DIGITAL -ROF MOBILE -FRONTHAUL TECHNOLOGIES
WITH STATISTICAL DATA COMPRESSION AND MULTIBAND

MULTIPLEXING

A Dissertation
Presented to
The Academic Faculty

by

Mu Xu

In Partial Fulfillment
of the Requirements for the Degree
Doctor of Philosophyn the
School of Electrical and Computer Engineering

Georgia Institute of Technology
May, 2018

COPYRIGHT © 2018 BY MU XU



KEY DIGITAL -ROF MOBILE-FRONTHAUL TECHNOL OGIES

WITH STATISTICAL DAT A COMPRESSION AND MULTIBAND

MULTIPLEXING

Approved by:

Dr. GeeKung ChangAdvisor
School ofElectrical and Comput
Engineering

Georgia Institute of Technology

Dr. Xiaoli Ma
School ofElectrical and Comput
Engineering
Georgia Institute of Technology

Dr. Mary Ann Weitnauer

School ofElectrical and Comput
Engineering

Georgia Institute of Technolo

Dr. John R. Barry

School ofElectrical and Computer
Engineering

Georgia Institute of Technology

Dr. Jun Xu
School of Computer Science
Georgia Institute of Technology

Date Approved:Felruary 27, 2018



To ny parents and my beloved wiN&ngwen,

for their unconditional support and encouragement



ACKNOWLEDGEMENTS

| would like to take this great opportunity to express my sincere gratitude to the

many people who made this dissertation possible.

Foremost, | am very grateftd my advisor, Professor Gé&ing Chang, for his
guidance, patience, and continuous support. It is my great honor and pleasure to work with
him as his studenfs an old Chines&liom said, he who teaches me one day is respected
as my father for lifeHis vast industry experience and remarkable academic leadership
were catalysts for my growth. His passion and optimism continuously encouraged us

generatioraftergeneration to do what a professional researcher should do.

| would also liketo thank Professor Xiaoli Ma, Professor Mary Ann Weitnauer,
Professor John Barry, and Professan Xu for serving as my committee members and
their valuable suggestions on my dissertation. | am also deeply thankful for Dr. Xiang Liu,
Dr. Sufian Mitani, andDr. Zhensheng Jia for their guidanaestructions criticism and
encouragementduring my PD. study which expanded my research scope and enriched

my working experiences.

| am certainly appreciative and thankful for all my colleagues in Fiber Wireless
Integration and Networking (FIWIN) group. Their advice and collaboration as well as
friendship have supporteaty professional and personal lifeidhg the fiveyear Ph.D.
career Thanks to Junwen Zhang, Cheng Liu, Ming Zhu, Jing Wang, Lin Cheng, Feng Lu,

Jianyu Zhen, Shuyi Shen, Yahya Alfadhli, Hyung Joon Cho, Hyunwoo Cho;H&nly



Yan, JiunYu Sung, Beilei Wu, Qi Zhou, Rui Zhang, Shuang Yao, Siming Ricky Hsu,

PengChun Peng, and many other graduate students whom | have worked with.

Lastly, | would like to thank my family for all their love and encouragement. For
my parents, Guoyun Xu antanpingWei, who did their best to give me the best education
and always provide me the unconditional and uncompromised support. They raised me up
and taught me how to become a considerate and responsible man for the family and the
society. Saving the best forglast, | would like to thank my lovelyife, Mingwen Yang.

No matter with success or depression, your constant support and loveneerethanost

importantmotivationsthroughout my Ph.D. life. Thank you and thank you all.



TABLE OF CONTENTS

ACKNOWLEDGEMENTS ...t e e e e e iiv
LIST OF TABLES ... e e e e e e e e, iX
LIST OF FIGURES ... e e e e e e e e e X
LIST OF SYMBOLS AND ABBREVIATIONS ... e e Xiv
SUMM A R e e e e e e e e e e XX
(O o VAN ol I = = 30 N 0] 1 (0 Yo [§ o3 1o ] I 1
1.1 1Y [o] 1\Vz=11To] o 1
1.2 Mobile Fronthaul Network ArChit@CtUres ... ... ..o oo e e, 6
1.3 Data TransmissionInterface in Mobile Fronthaul ................ccccoiviiiin... 12

1.4  Time Division Multiplexed Passive Optical Networks for Delay Sensitive

Mobile Fronthaul Network ... e 12
15 Multiband Modulation Technologies in Fiber-Wireless Access Networks and
Mobile Fronthaul ... 23
1.6  Outline of the DISSEratioN ..........o.uieiieiie it 24

CHAPTER 2. Statistical Data Compression in NexitGeneration Digital RoF
Mobile Fronthaul ... e e e 29
2.1 Introduction of Digital ROF SyStemS........ccooiii it 30
2.2  D-RoF MFH Interface with FSE Based Data Compression................... 33
2.2.1 Operation Principles of Data Compression #RDF Systems.................33
2.2.2 Experimental Verifications and Discussions folRDF MFH with Data
(@] 19]0] (=151 (o ] o 1S P 39
2.2.3 Experimental Demonstrations of-Z&bit/s Compressed-BoF MFH with Re
Sampling and PAM. .. ... 42
2.3  D-RoF MFH Interface with FSE Based Data Compression................... 44
2.3.1 Operation Principles of Frequen®omain Multiband Multiplexing versus
Time-Domain INterleaving. ... ....ooooi oo e e e e e 44

Vi



2.3.2 Experimental Demonstration and Results of Bidirectional Multiba+Riob

o 47
2.4  Novel DataCompression Technologies for Digital Mobile Fronthaul with
Lloyd Algorithm and Differential Coding ..........ccooiiiiiiii i 51

2.4.1 Motivation and Backgrounds............c.oeiiiii i 51

2.4.2 Operation PriNCIPIES. ...... oot e e 53

2.4.3 Experimental Results and DISCUSSIONS. ........c.cvviiiieiin i, 56
2.5 SUIMIMATY . e et e e e e e e e e e e e et e e e e e e e e e e 58

CHAPTER 3. Multiband CAP M odulation for Spectral Efficient Data

Multiplexing in Mobile Frontha ul with Advanced Digital Filter Design............. 61

3.1 Introduction of Multiband Modulation in Mobile Fronthaul Networks ...... 61

3.2  Fundamental Concepts and PrinCiples. ..o, 64

3.3  Design and Comparison of Digital Filters Used in CAP Multiband........... 69
3.3.1 Introduction of IOTA Based Filters..........c.cooiiiiiiiiiiiiic e 69
3.3.2 Time and Frequency Responses of MBlind CAP Systems Using SRRC and
1 1 1= 71

3.3.3 Truncation Effect and Its Influence on MulBand Systems................... 74
3.4  Bidirectional Transmission Experimental Setup and Results.................79
3.5 High-Capacity Tier-11 Fronthaul Network with SSB -DD Multiband

OQAM/QAM =CAP. ...ttt e e e e e e e e e e e e e s s e s e ar e e aeaeaeaeans 83
3.5.1 Motivation and Backgrounds.............oooiiiii i 83
3.5.2 Operation PrinCIPIe. ..o 84
3.5.3 Experimental Results and DiSCUSSIQNS. ..........covvviiiiiiiiiiie e e, 86

3.6 SUMIMAIY . .. e e e e et e e e e e e e e et e e et 90

CHAPTER 4. Signal Detection and Processing in ilirectional Analog Radio-
over-Fiber Mobile Fronthaul NetwoOrks..........coouiiii e 92
s R [ 11 To [T 1 T o P 92
4.2  Operation Principles and Impairment Analysis in Bidirectional Mobile
Fronthaul NetWOIK ... ... e e e e e 93
4.3  Experimental Demonstration and ResultS..............oooiiiiiiiiiiiiiiiii s 99

vii



4.4 Filter -Bank Multi -Carrier in Next -Generation Mobile Fronthaul Networks

with Centralized Pre-Equalization.............coooii i e 104
4.4.1 Motivations and Backgrounds............cooovii i 104
4.4.2 Operation PrinCiples. ... ....c.uie i 107
4.4.3 Experimental SEtUP. ... ..cov oot 110
4.4.4 Experimental Results and Analysis..........ccooovii i 112

A5 SUMIMAIY ... et e e e e e e e e e e e e et e e e et eae e e e aanaas 114

CHAPTER 5. CONCIUSIONS ... .ot e e e e 116

5.1  Technical CONCIUSIONS........c.oiiiii i e 116

5.11 Advanced Data Compression Techniques in Diditabile Fronthaul Systems

............................................................................................ 116
5.12 Multiband Modulation and Efficient Data Multiplexing in Mob#fe¢onthaul
AN 0710 2 118
5.13 Bidirectional Pointto-Multi-Point Data Transmission #nalog Mobile
FronthaulSYSIEMS. . ... e e e e 119
5.2 FUIUIE WOKK ... e e e e e e e e e 120
REFERENCES. ... i e e e e e e e e e 122

viii



LIST OF TABLES

Table 1 Updates about 5G Ne®adio Standardization....................ccceeenne.
Table 2 Comparison of different split options N NGFEI....................o i

Table 3 Minimum number of bits for different modulation formats................

12

42



LIST OF FIGURES

Figure 1. 5G and 4th Industrial ReVOIUtION...........cooiviiiiiiiii e 1
Figure 2. 5G USAQESCENAIIOS. ..c.uuiieitieeeiiiaaeeeiiae e e e et e e e eat e e eat e e eeean e e eaan e eeeenns 3
Figure 3. Photonic technologies as the fundamental behind.5G......................... 5

Figure 4. (a) traditional distributed radio access network (RAN) and (b) cloud RAN.

.......................................................................................................... 7
Figure 5. Conceptual diagram of functional split in mobile fronthaul.................. 10
Figure 6. Conceptual diagram of negeneration fronthaul interface (NGFEIL)........ 11
Figure 7. Architecture of channel aggregation/dggregatio (CA/CDA) based

mobile fronthaul..............ooo 14
Figure 8. DeltaSigma Modulator and Its OUtPUL...........cooeeviiiiiiiiieei e, 14
Figure 9. Smallcell compatible pointo-multi-point (PTMP) mobile fronthaul

network: (a) architecture; (b) operation prinCiple.........ccccoovviiiiiieeennn. 16

Figure 10. (a): Conceptual flow diagram of flékame PON. (b)c): Bandwidth
allocation schemes in traditional and proposed schemes respectively21

Figure 11. Logical relations of research tOpICS.........cccuuiieiiiiiiiiieiiiieeeieeeie, 26

Figure 12. Probability distribution functions of (a) amplitude and (b) modulus for an
LTE-like OFDM signal; (c) and (d): cumulative distribution functiards
OFDM signal’'s modulus before and after companding respectively...34

Figure 13. (a) and (b): DSP flow of FBNQ and FSE baset&dampression methods
respectively. (c): Digitized data formats before and after compressiai5

Figure 14. (a)to (d): EVM peiRUPDQFH YHUV XV NHAwSAUWWPHWHUYV L(
TFG-FSE, and TPHSE methods respectively. (e): EVM versus number
of quantization digits for different companding methods. (f): Enlarged
diagram of (e) when number of digits is varied from 8 ta..10............... 40

Figure 15. Experimental setip and function stacks of Z5bit/s IM-DD D-RoF based
M. e 44

Figure 16. (a): BER performance as a function of received optical power. (b):
Selected constellations of LTlike OFDM signals after 150-8-bit
compressiomNd deCOMPIESSION. ........viiiuuiieiiiiie et eeaans 44



Figure 17. (a): Operation principles of data multiplexing in traditional MFH. (b):
Flow diagram of propsed data multiplexing in MFH incorporating
frequencydomain multiband modulation................cccccooiviiiiiineennn. 46

Figure 18. (a): Experimental system diagmneof the bidirectional EROF MFH with
multiband modulation; (b) and (c): electrical spectra of signals sent from
RAU1 and RAU2 respectively; (d) and (e): received electrical spectra for
DL and UL transmissions respectively; (f) and (g) optical spectrigidls
and LO lights as marked in () respectively...........cooiiiiiiiiiniiiiinnnees 48

Figure 19EEVM performance versus received optical power for diffemannel
under (a) DL and (b) UL transmissions. Insets show the selected pre
equalized CAPL6 constellations with no bit errors.............ccoooovi. 48

Figure 20. Selected constellations of extractedadenpressed 5@IR-like wireless
signals with (a) 64QAM, (b) 256QAM, and (c) 1024QAM. .................. 50

Figure 21. (a)—(c) Operation principles of Lloyd algorithm based data compression;
(d): EVM versus number of iterations.............ccoeevviiiiiieieiiieececiee 54

Figure 22. EVM versus quantization digits when Lloyd method is used for OFDM
and SCFDM reSPeCHVelY.......ccouuiiiii e 54

Figure 23. (a)(b): System architecture ofRoF transmitter and receiver respectively
in 5G-MFH. (c): SQONR as a function of quantization digits when different
coding plus compression methods are applied. eMBB: enhanced mobile
Broadband........ ... 56

Figure 24. (a): System diagram of higapacity digital MFH based on coherent
transmission technology. (b): BER versus received optical pdeger.
EVM of recovered wireless signal under the influence of bit errors. BPD:

Figure 25. Power spectrm and timefrequency lattice structure of (a) QAM CAP
multiband with rectangular filtering; (b) OQAM CAP with only one
subset of lattice points; and (c) OQAM CAP with staggered four subsets
Of [AtHICE POINTS. ...t 63

Figure 26. DSP blocks of generation and reception for CAP multiband modulation

based on (a) traditional QAM and (b) OQAM..........cccoveviiviiiiieeeneee, 68
Figure 27. (a) Frequency and (b) time responses of IOTA, Gaussian, and SRRC (roll

Off faCtor = 0.5) fIlterSu . ... i 72
Figure 28. Spectral and time responses different signals...............ccccoeviveeiinnnns 72

Figure 29. (a) Truncation of digital filters and its effect on (b) fdsicaying SRRC
filters, (c) slowdecaying SRRC filters, and (d) IOTA filters................. 73

Xi



Figure 30.

Figure 31.

Figure 32.

Figure 33.

Figure 34.

Figure 35.
Figure 36.
Figure 37.

Figure 38.

(a) Experimental satp to study truncation effect on digital filters. £b)
(d) Electrical spectra of SRRQAM, IOTA-OQAM, and SRREOQAM
CAP 1€SPECHVEIY......n e 76

EVM as functions of truncation length: {é3) simulated results and ()
(e) experimental reSUlLS..............ooeiiiiiiii e 78

(a) Bidirectional RoF transmission experimentalget (b){(d) Electrical
spectra of IOTAOQAM CAP for DL, SRRCEOQAM CAP for DL, and
SRRGQAM CAP for UL respectively........cccooveieiiiiiiiiiiiieeeciiieeeeii 79

Measured EVM versus received optical power for odd and even channels
in: (a){b) DL IOTA-OQAM CAP; (c){d) DL SRRGOQAM CAP; and

(€)1HF) UL SRRGQAM CAP.......oeetee et eeeeeeeeeeeeee et ee e 82
Architecture of proposed mobile fronthaul systerl: @istributed unit;

RRS: remote radio SYSteM........ccouuuiiiiiiii e 84
Transmitter DSP blocks of (a) QAMINd (b) OQAMCAP.........ccoeevvvnen. 85
Electrical spectra of (a) QAMand (b) OQAMCAP.........cccceveiiieiiieennnn. 87
System diagram of the experimental testbed...................ccooeeeiiinnnil. 88
Selected electrical spectra: @@fc): OQAM- CAP; and (d) QAMCAP......89

Figure 39. (a) BER distribution amonghannels; (b) BER versus OSNR; and (c) BER

Figure 40.

Figure 41.

Figure 42.

Figure 43.

Figure 44.

VErsUS [aunCh POWET..........oiii e 90
Mobile fronthaul uplink using distributed directly dutated lasers
(DMLs): (a) system diagram; (b) resulted signal impairments............ 94
Mobile fronthaul uplink using distrilted remote modulators: (a) system
diagram; (b) resulted signal impairmentsS..............ocoeuiieveeeinieeiinneeees 95
System diagram (a) and signal flow (@) proposed mobile fronthaul
uplink with field-modulation and heterodysgetection scheme.............. 99

Bidirectionalexperimental demonstration of proposed mobile fronthaul
system: (a) tedbed diagram; (bJc) odd and everchannel electrical
spectra after squataw detection at Point | respectively; {@) electrical
spectra after squataw detection at Point Il andl respectively............. 100

(a) Power and electriield responses of a Maetehnder modulator. (b)
(c) Electrical spect after heterodyne detection when the MZM is biased
at 8&2 and 8 ereSPeCtiVEIY.........viiiiiiiiiiiie e 102

Xii



Figure 45. Average errotvectormagniude (EVM) of aggregated component carriers
versus received optical POWEL..........coouuii i 103

Figure 46. Flow diagrams of centralizgate-equalization process for (a) DL and (b)
UL transmission in MFH networks supporting ngeneration mobile
technology. TX: transmitter; RX: receiver; PEC: -acualizer
coefficients; UE: uSer eqUIPMENL.........oviiiiiiiiiiiii et e 107

Figure 47. (a) and (b): schematic diagrams of FBMC transmitter and receiver
respectively. (c) and (d): preamble and data structures of OFDM as well
AS FBMUC .. .. e 108

Figure 48. (a) Experimental setup for comparisons between OFDM and FBMC in a
fiber-wireless integrated MFH network; (b) and (c): measured alptic
spectra at point A for DL and UL transmissions respectively............ 110

Figure 49. (a) and (b): electrical spectra of offline gendr&@&DM and FBMC
respectively; (c) to (e): electrical spectra of received OFDM signals for
DL without preequalization, DL with prequalization, and UL without
pre-equalization respectively; (f) to (i): electrical spectra of received DL
and UL FBMC signalsvith and without preequalization...................... 112

Figure 50. SINR as functions of SC index with Xn SSMF transmissions for (a)
FBMC versis OFDM UL, (b) FBMC DL, (c) FBMC UL, and (d) OFDM
3 PP 113

Figure 51. EVM as functions of received optical power for (a) DL 16QA(s), DL
64QAM, (c) UL 16QAM, and (d) UL 64QAM.........ccevviiiiiriieaeiinnnnn. 114

Xiii



LIST OF SYMBOLS AND ABBREVIATIONS

ADC Analog to digital converter
A-RoF Analog radio over fiber

AxC Antenna component

BBG Baseband group

BBU Baseband unit

BER Bit error rate

BSC Base station controller

CA Carrier aggregation

CAP Carrierkess amplitude phase modulation
CC Component carrier

CDF Cumulativedistribution function
CDMA Codedivision multiple access

CE Computational efficiency

CFO Carrierfrequency offset

CO Central office

CoMP Coordinated multipoint transmission
CPRI Common public radio interface
CuU Central unit

DAC Digital to analog converter
DA-MZM Duatarm MachZnhder modulator
DBA Dynamic bandwidth allocation
DC Direct current

Xiv



DCC
DFB
DML
DMT
DOCSIS
DPCM
DP-IQM
D-RoF
DSP
DU
EAM
ECL
EDFA
eMBB
eNB
E-UTRA
EVM
FBA
FBMC
FBNQ
FDE
FDM
FEC
FFT

FM-HD

Digitized component carrier
Distributed feedback

Directly modulated lasers

Discrete multitone

Data over cable service interface specification
Differential pulse code modulation
Dualpolarization 1Q modulator
Digital Radio over Fiber

Digital signal processing

Distributed unit

Electro-absorption modulators
External cavity laser

Erbium doped fiber amplifier
Enhanced mobile broadband
Enhanced node B

Evolved universal terrestrial radio access
Error vector magnitudes

Fixed bandwidth allocation
Filter-bank multicarrier

Fitting based nonlinear quantization
Frequencydomain equalizer
Frequency division multiplexing
Forward error correction

Fast Fourier transform

Filed-modulation plus heterodyrdetection

XV



FS
FSE
GSM
GTC
HFC
HTH

ICC

IFFT
IM-DD
loT
IOTA
ISI
LDPC
LO
LTE
MEC
MFH
MMSE
mMTC
MMW
MPTP
MZM
NGFI

NOMA

Functional split

Fast statistical estimation

Global system for mobileommunication
GPONtransmissiofconvergence
Hybrid fiber coax

Human to human

Inter-channel crosstalk

Intermediate frequency

Inverse Fast Fourier transform
Intensitymodulation plus direetletection
Internet ofthings

Isotropic orthogonal transform algorithm
Inter-symbol interference

Low density parity check

Local oscillator

Long term evolution

Mobile edge computing

Mobile fronthaul

Minimum meansquare error

Massive machingype communication
Millimeter wave

Multi-point to point

Mach-Zehnder modulators

Next generation fronthaul interface

Non-orthogonal multiple access

XVi



NR
NSC
OBI
OBSA
ocs
OFDM
OOB
OQAM
PAM
PAPR
PBS
PC
PCM
PD
PDCP
PDF
PHY
PON
PPN
PSB
PTMP
PTMP
PTP
PTP

QDP

New radio

Nyquist supper channel

Optical beatingnterference

Open base station architecture initiative
Optical carriersuppression

Orthogonal frequencdgivision multiplexing
Out of band

Offset quadrature amplitude modulation
Pulse amplitude modulation
Peakto-average power ratio

Partial bit sampling

Polarization controller

Pulse code modulation

Photo detector

Packet data convergence protocol
Probability density function

Physical layer

Passive optical networks

Polyphase network

Physical synchronization block

Point to multi point

Point to multi point

Point to point

Point to point

Quadrature duobinary processing

Xvii



QPSK
R&A
R&G
RAN
RAT
RAU
RE
REC
RLC
RRC
RRH
RRS
RSOA
SCM
SDS
SE
SINR
SONR
SRRC
SSBDD
SSBI
SSMF
TDM
TE

TFG

Quadrature phase shift keying
Reportandadjust

Requestandgrant

Radio access network

Radio access technology

Radio access unit

Radio equipment

Radio equipment controller

Radio link control

Radio resource control

Remote radio head

Remote radio systems

Reflective semiconductor optical amplifier
Subcarrier multiplexing

Service data streams

Spectral efficiency
Signatto-interferenceplus-noise ratio
Signatto-quantizationnoise ratio
Squareroot raiseecosine
Singlesideband and direetletection
Signatto-signal beating interference
Standard single mode fiber
Time-division multiplexing
Transmission efficiency

Truncated folded Gaussian

Xvili



UE

UL
URLLC
VT
WDM

WLAN

User equipment

Uplink

Ultra-reliable low latency communication
Virtual tone

Wavelength division multiplexing

Wireless local access network

XiX



SUMMARY

Thecontinuouslygrowing demand on higbpeed internet, higtefinition TV, and
reattime entertainment servicéss created a great challenge for future broadband access
networks.The emerging nevgervices, such as virtual realighd 5GNew Radio, will
quickly deplete the bandwidth resource of current passive optical networks (PON), mobile
fronthaul (MFH), and hybd fiber coax (HFC) network€On the other hand, under the
impact of cell densification and spectral aggregation, significantly increased complexity in
network scheduling and coordination is inevitable. Those trends force we researchers to
think about revlutionary technologies empoweringextgenerationMFH with higher
capacity and lower latencyAmong them, fiber wireless integration and networkamng
promising solutios which integratéhe fiber and wireless resources and optatie both

in a mobile fronthaul system as a whole.

MFH based on analog RoF{RoF)has beeneeplystudied recentlyA-RoF based
MFH has high bandwidth efficiency and simple receiver architecBueA-RoF schemes
also suffer from nonlinear degradations in power amep$if as well as fading from
chromatic dispersions. Besides, to realize a pokmulti-point (PTMP) transmission in
an ARoF uplink (UL) remains to be a challenge. On the other h&mktionsplit (FS)
schemes, e.g., PH¥Split and MaeSplit have beeproposedwhich could tremendously
reduce the MFH data rate. Nevertheless, such a reduction is at an expense of higher
complexity and cost at the radio access unit (RAU) in terms of MIMO processing and
coordinated multipoint (CoMP) transmission. Furtherepaccording to the iprogress

5G standards from ITHR and 3GPHNR, three different usage scenarios are defined,

XX



namely, enhanced mobilbroadband machinetype communication, and lolatency
vehicular communication. Thughe compatibility with those d#rent radio access

technologies (RAT) could also be a challenge for FS based schemes.

Recently, as a candidate to support MFH, the advantage of digital RBIBKD
scheme including common public radio interface (CPRI) may be +estenated.
Although, D-RoF features lower transmission efficiency (TE), it inherits part of the
advantages from both-RoF and FS. ERoF is format agnostic with simple hardware
implementation at RAUs. Meanwhile it benefits from digitization with high robustness
against nonlineadegradation. Error free transmission can be obtained whenfasiveyd
error correction (FEC) coding\ low-cost timedivision multiplexing (TDM) based PTMP

UL scheme is also highly realizable.

In this thesis work, to improve the bandwidth efficiencyDsRoF systems, the
studies in the following directions have been made. Fast statistical estimation (FSE) is
proposed for data compression in quantization process. Compared with existing schemes,
the computationatomplex fitting process is simplified andyh compression radio (15 to
8 bit) can be obtained with insignificant sigitplality degradation. Nevertheless, the
Gaussian distribution assumption limits the FSE only applicable to orthefyegaéncy
division-multiplexing (OFDM) format. To develop aegeralized methodor other
different radio modulation formats, Lloyd algorithijased method is also studied.
Traditional Lloyd algorithm is computational complex and in our research, a relaxed Lloyd
algorithm is proposed with a good traoié between quaization accuracy and computing
speed. Meanwhile, differential codings also combined with statistical based data

compression to further reduce the quantization noise and increase the compression gain.

XXi



Other than bandwidth efficiency, another major issue-RoF based MFH is the
data multiplexing among multiple distributBUs. Traditional TDM provides a matured
solution but followinghatmoreattention is focusedn supporting delay sensitive services
in 5G, TDM mayfind itself insufficientin the flexbility and latencyas a role in supporting
ultra-reliable low latency communication (URLLC). To mitigate such issue we
demonstrate an offs€AM carrierless amplitude and phase modulation (OQAMP)
technique for spectral efficient mulisertransmssion. The performances of OQAGIP
and regular QAMCAP are compared and their different applicable scenarios are also

discussed.

Furthermoregxcept from thavorks on DRoF MFH, this dissertation also briefly
reviewed the research on modulation formats and digital signal processing (DSP)
techniques in fibewireless integrated systems, such as fittenk multicarrier (FBMC)
andbit/power loading in multibandignals Working with advanced data compression and
multi-band multiplexing, these DSP algorittemcould help to improve the spectral
efficiency as well as signal quality of tlsystem, which malethem unneglectable

contributors for nexgeneratiordigital/analogMFH supporting 5G mobile data netwasrk

XXii



CHAPTER 1. INTRODUCTION

1.1 Motivation

Driven by the continuous demands on faster connection speed and ubiquitous
wireless signal coverage, the concept of fifth generation (5G) mobile data network arises
which is commonly forecasted to ldeployed around 202[1]. Not only boosting the
network throughpyt 5G also brings revolutioary changes tothe mobile data
communication and eveaffectingthe waywe think and interacAmong all the attractive
features of 5G, higheRFband explorationdiscretespectralband utilization, and small
cell deploymenare of great importance to bring about two to three orders of improvement
in system capacityAs shown inFigurel, following previous industrial revolutionsade
by steam power, electricity, iormation technology, 5@ regarded as key contributor
together with artificial intelligence, cloud computing, VR and AR to stimulate the coming

4" Generatiorof IndustrialRevolution.

A
) Artificial Intelligence,
Social and Cloud, Robotics, VR/AR
human impact
PCs and 5G
Automation
Industrial VERS -
change Production
- {5
Mechanization Electricity N
Economic CI 0 l
flexibility and | EiEEl - ‘ﬁ‘
social mobility 2, % ﬁ
= ﬂ = Q¢ (((I)))
ﬂ x
1770 1870 1970 2017 o
Enabler 1st Industrial 2nd Industrial 3rd Industrial 4th Industrial
Revolution Revolution Revolution Revolution

Figure 1. 5G and 4" Industrial Revolution.



Except from traditional wbile data communication, machitgpe communication
(MTC) andInternet ofThings (IoT) are becoming the major driving povier new 5G
technologies New emerging applicationsm MTC and IoT gain attentionfom both
industry and academic ateauch af\R, VR, cloud computing, selfiriving car and so on.
According to than-progress 5G standards from IqRJand 3GPHNR [2], [3], those uses
are grouped into three usageenarios including enhanced mobile bimawl (eMBB),
massive machingype communication (mMMTC), and ultraliable and low latency
communication yRLLC) as shown in Figre 2. Moreover, key enhancements in eight
aspects are proposed by IMMvarced and IMTF2020, which includgpeak data rate
(Ghit/s), user experienced data rate (Mbit/s), spectrum efficiency, mobility (km/h), latency
(ms), connection density (devicesRmnetwork energy efficiency, and area traffic
capacity (Mbit/s/r). The importance of each key parameter is differentifferent using
scenarios. For example, eMBB may emphasize on area traffic capacity and peak data rate
while URLLC mainly considers latency and mobility as more important factors.
Furthermore, after recent debating, major standard bodies reach a consenspshotad
low density parity check (LDPC) and polar codes as data and control channel coding
options respectivelyd]. Thus,it can be inferredhat except from higher throughput, being
adaptive to fit different needs in varying application scenarios arkinghause of
advantages from different unique technologies become a key point for building future 5G

fiber-wireless converged heterogeneous networks.

The selectedipdates in key parameters and technologies iNRGare shown in
Table 1[2]. It can be obseed thatsometechnical specifications amgherited from existing

LTE standards-or example, OFDM is still considered as the major format in the downlink



of 5G-NR. The subcarrier spacing is based ondhd of 15 kHz. QPSK, 16QAM, and
64-QAM are stilladopted. Time division duplex is considered as the main duplex option.
However,there are also some new changes which distinguishNB®ut of traditional
wireless data communication schenihe first change is about new bandwidth
exploration. Except frontentimeter wavefrom 0.5 to 6 GHz, new millimetervave
carriers distributed from 10 to 100 GHz are going to be used-okbngonal multiple
access (NOMA) will be coexisted with orthogonal multiple access to provide higher
flexibility and large system pfarmance margin. Highesrder modulation format (1024

QAM) and largerscale MIMO are proposed for higlapacity wireless link
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Figure 2. 5G usage scenarios.



Table 1 — Updates about 5G NewRadio Standardization

Operation Frequencies 0.5-100 GHz (0.5-6 GHz; 6— 24 GHz; 24- 100 GHz)

Waveform DL: CP-OFDM; UL: SGFDM or CP-OFDM
Subcarrier Spacing 15 kHz x 2
Duplex TDD

Multiple Access Scheme | Jointorthogonal andnon-orthogonal multiple access

Channel Coding eMBB data channelLDPC; eMBB control channel
Polar Code

Modulation Format BPSK, QPSK, 16QAM, 64QAM, 256QAM, 1024QAM

Channel Bandwidth 0.18-1.4 MHz (loT); 1.4-20 MHz (Current LTE); 26-

400 MHz (eMBB)

MIMO Implementation DL: Up to 32 streams; UL: 4 streams

Recent progress in fiber-wireless integration and networkingotivate photonic
researcherso think about how optics could help 5G mobile data networks. The selected
photonic technologiesontributing to 5G are listed Figure 3. They mainly fall into three
categories: mobile fronthaul and radio access netvpbidtonics assisted wireless systems;
and highcapacity communication systems in mobile core netwiorkhe areaof mobile

fronthaul and radio access network, MFH atture based on timeavelengthdivision



multiplexed passive optical network (TDM/WDM POM;RoF, as well adD-RoF are
potential candidateand some challenges exist on supporting Haghsity small cells and
all-spectrum carrier aggregatidphotonics ssisted wireless systems recently become hot
research topicfor its capability to greatly extend the coverage, capacity, or functions of
traditional wireless systenfiS]. Theycompriseoptical millimeter wave (MMW) and sub
terahertz systems, frespace ofics and visible light communications, and photonics
assisted coordinated mufioint (CoMP) and network MIMOOther than the above two
categoriegocusing on access network or usgquipmentit is undeniable that photonics as
well as fiber communicatiogystemsalso play major rols in the mobile core network to
support 5G.100G/400G Ilong¢haul transmission, opticahter and intra data center

connects, as well as higlapacity xHaul network are the majmarts in this category.

Mobile Fronthaul and Radio Photonics Assisted Wireless
Access Network Systems
* TDM/WDM Passive Optical Network * Optical MMW/Sub-Terahertz Systems
* Analog Radio over Fiber and ¢ Free-Space Optics and Visible
Carrier Aggregation Light Communications

* Photonics Assisted Coordinated
Multi-Point (CoMP) and
Network MIMO

» Digital Radio over Fiber and
Delta Sigma Modulation

High-Capacity Communication Systems in Mobile Core Network

* 100G/400G Long- * Optical Inter and Intra * High-Capacity Multi-
Haul Transmission ‘ Data Center Connects ‘ Tier X-Haul Network ‘

_ _ |

Figure 3. Photonic technologies as the fundamental behind 5G.

Among these areagreat challenges arise mobile fronthaul systemisecausehat
most of the interactions between wireless and fiber take place behmdhié following

part ofthe introduction, current status of MFH will be reviewed and tlobnecal issues



will be analyzed. Th@otential solutionsvill also be discussenh the remaining chapters

of the dissertation.

1.2 Mobile Fronthaul Network Architectur es

Among all the attractive features of 5G, higiid-band exploration, discrete
spectralband utilization, and smatlell deployment are of great importance to bring about
two to three orders of improvement in system capacity, which is also consistenhevit
trends of spectral aggregation and cell densification. An overall conceptual diagram of a
future 5G network system with spectral aggregation and cell densification is depicted in
Figure 4(b). Spectral aggregation could provide us higher radio batiwilile it also
enables the utilization of discrete fragmented bands and the coexistence of different radio
accesgechnologies (RATs). Meanwhile, through higiitf-band exploitation and
frequency reuse, massive deployment of small cells brings heteougeard ubiquitous
wireless signal coverage with greatly improved subscriber experience. For comparison,
Figure4 alsodemonstrates the evolution of mobile fronthaul architecture from traditional
distributed radieaccess network (RAN) to cloud RAN {®AN). Date back to late 1990s
until 2010, distributed RAN dominatesnobile fronthaul/backhaul link and thmajor
transmission media in MFH is coppas shown irFigure4(a) Most basestations were
connected viaigital subscriber lineSL) or coax cable The network is based on a
distributed architecture with enhanced node B (eNB) deployed at different macro cells.
There are S2 and X2 linkghysically or logicallyconnecting the base station controller
(BSC) to eNB and between two eNBs respectiveljere Ethernet packets are transmitted

from point to point The major problem of distributed RAN is that it lacks the flexibility



and scalability to support the deployment of small cells and network capacity is also

seriously limited by the coax cable as wadlthe distributed architecture.
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Figure 4. (a) traditional distributed radio access network(RAN) and (b) cloudRAN.

As a solution tanitigate the aforementioned challenges, the concept of cloud radio
access network (®RAN) has leen proposed] - [8]. In C-RAN, baseband units (BBUS)
are separated from the base stations (BSs) and centralized into thBd@BEt the CO,
which connects hundreds of distributed remote radio heads (RRHs) and small cells as
shown inFigure4(b). The BRJ-Pool is empowered with efficient data and information
processing technologies such as cloud computing and functioning virtualization for the
ease of largscale dynamic and centralized managermasnwell agesource allocation. In
C-RAN architecture, optal ¢ EHUVY DUH FRQVLGHUHG WR &ldwDQ LGHD
loss highcapacity solutionto build fiberwireless integratedinks to enable data and

information exchange between the BBdol and distributed cells.

Although throughcentralized controbnd optimization, €RAN could potentially
achievebest radio performance, it is still nafperfectsolutionand exhibits some issues

regarding system latency, flexibility, and nonlinear channel penaliesieet the 5SENR



requirements with diverse sergg and spectrum including enhanced mobile broadband,
missioncritical 10T, and massive machhitgpe communications, current 4G MFH
architectures need to be upgraded to meet the different latency and throughput
requirements in different scenarios. Thus, tegacy CRAN is evolving to Next
Generation Fronthaul Interface (NGFI) which calls for relocating the functionalities to the
remote radio unit (RRU) to alleviate the processing burden in mobile fronthaul, namely,
functionalsplit [9]. This design will reslt in two functionalsplit segmentsradio cloud
center (RCC) and radio access unit (RAU). The functionalities can be reconfigured and
organized depending on the selected splitting point. For example, teciotmthe RF
functions onlyat theremote ra head (RRH)with a simple structureknown as Option

8 or so-calledA-RoF. Or it can inherita part or all the functions in physical (PHY) layer

into the RAU which is known as Optiei. Except from these splitting options, there are
also many other spling points. Each of them has its unique properties and advantages
which may distinguish them fitting for different application scenarios. Therefore, it is
proposed in10] that a flexible function split caalso be consideredvhere the different

split ogions can be coexisted andned dynamically over time based on different

application environments.

Different functionalsplit option can be classified into four main categories as shown
in Figure5 below. It was mentioned in the previous part that in N@#fflerent functions
between thecentral unit CU) and distributed unit DU) will be reorganized or
redistributed. There are 8 functiorggllit options defined and recommended by 3GHRP [
Different options have different requirements in terms of bandwidtency, jitter, and

synchronization. Option 1 and Option 2 are the fully distributed architeatugee most



of the functions are aggregated at the &d CU onlyto perform radio resource control

and data packet performance contholthese twaptions, Ethernet packets are transmitted
between CU and DU. There is almost no wireless overhead which helps to achieve high
transmission efficiency, low latency, and low synchronization requirements. But the
distributed architecture makes them incomgatiith MIMO and coordinated multipoint
(CoMP) transmission. It is worth noting that the resources in these options can be
aggregated at network edge, fascinating mobile edge computing for delay sensitive
services. Option 3 to Option 5 belong to the intirate status between distributed and
partly centralized architectures. On the other hand, Option 6 and Option 7 are partly
centralized options, they may realize a good t@ifldoetween transmissiobandwidth
efficiency and radio performance. However hmave high synchronization and latency
requirements since the resource blocks of LTE need to be aligned between the DU and
RRUs. Option 8 is a fully centralized option. Some researchers also refer it aRkiyie A
option. Since the LTE component carriers aot modified, MFH and air transmission can

be seamlessly integrated together. Best radio performance can be obtained with centralized
coordination and scheduling, which makes it fully compatible with CoMP. However,
mobile fronthaul on this option willdve very strict requirements on latency congnadi

thus, the transmission distance is limited
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Figure 5. Conceptual diagram of functional split in mobile fronthaul.

With reconfigurable and mulgoexisted functionasplit optiors, NGFI is proposed

in the standard of IEEE 1914[12]. Figure6 shows a conceptual diagram about NGFI

based mobile fronthaul network. Twiayer architecturés introduced, where Fronthall

is a network to connect a distributed unit (DU) and several RiRidd-ronthaull is used

to connect central unit (CU) and multiple DUs. The location of CU could be different for

different application environments. For example, CU is located at the (transport)

aggregation layer, which could correspond to massive matype-communication

scenariosupportinga large number admart thingsFor enhanced mobile broadband, the

CU could be deployed at the access laydrdostthe peakthroughputand average data

rate Meanwhile, forward and backward compatibility need @ocbnsidered here. Those

legacy fronthaul infrastructures inherited from 3G and 4G systems will be incorporated

into Option 1 and Option 2. Small cell densificas@ne supported by Option 7 or Option

8. Reconfigurable functional split, or Option (#icluding Option 3 to 6)will also be

implemented regarding the system neadd latency toleranc&able 2 compares the

application scenarios of different functiossgdlit options in NGFI.Such a tweayer

architecture could help to realize a good traffebetween latency and capaciyith the

implementation and switching among different optiodhgr some services with stringent

10



delay requirements, like unmanned s#ifving car, security,positioning, and health care

DU can make a quick decision without semdthe dataflow to Cland waiting for its
responsesHowever, for some tasks requiring complex computing and scheduling, CU can
be involved with the higiperformancecloud computational resources and large capacity
storage space inside In tier-1 fronthaul network,because of the limited transmission
distance and relatively small link throughpimpth A-RoF and DRoF can be good
candidates. Their different properties and applicable situations will be illustrated in the

following parts.
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Figure 6. Conceptual diagram of nextgeneration fronthaul interface (NGFI).
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Table 2 — Comparison of different split optionsin NGFI

Option Description Applications

Option 1 RRC-PDCPsplit: In this split option, RRC is in the centralEdge  computing or lowatency
unit. PDCP, RLC, MAC, physical layemdRF are in the[hteransmission

distributed unit, thus the entire user plane is in

distributed unit

Option 2 PDCPRLC_ split: In thissplit opt_ion, RRC, PDCP are in thie Low—latency transmission
S?Srt\:ir;ljttérgtt.jrlﬁ‘LC, MAC, physical layemdRF are in the (Already Standardized)

Option 3 Intra RLC split:Low RLC (partial function of RLC), MAC,| | ow-latency transmission;

physical layer and RF are imsttibuted unit. PDCP and high ; ; _
RLC (the other partial function of RLC) are in the centramplementlng intregNB RAN based

unit. mobility;
Fronthaul flow contre
Option 4 RLC-MAC split: MAC, physical layerand RF are in | Not recommended by 3GPP
distributed unitPDCPandRLC are in the central unit.
Option 5 Intra MAC split:RF, physical layer and some part the MACCollecting UE’s statistie

layer (e.g. HARQ) are in the distributed unit. Upper laye
in the central uni

Option 6 MAC-T’HY_ S(ré'iltj)mﬁ('\l/lAC an% l;zp'ger !ayimEiSTtEe Centralized scheduling
central unit ) ayer an re in the e ; ;

interface between the CU and DUs carries ditgesoume.pOO“ngt MAC Iayer in the
configuration, and schedulinglated information (g. | central office

MCS, Layer Mapping, Beamforming, Antenn
Configuration, resource block allocation, etc.) and
measurement
Option 7 Intra PHY split: In the UL, FFT, and CP removal reside ilCentrlized scheduling

theDU. Two subvariants are described below. Remainip ; i~ ;
functions reside in the CU. In the downlink, iFFT and C ompat|ble Wlthjomt processing an i

addition reside in the DU. Three subriants are describefl Coord_inated multpoint transmission
below. The rest of the PHY resides in the CU. Multipdassive MIMO

realizations are possible High-performance rad
Option 8 Option 8 allows to separate the RF and the PHY layer. THipw-cost RRUs

option permits centralization of processes at all pro“"@hort—distance PTP transssions
layer levels, resulting in very tight coordination of the RA|

This allows efficient support of functions such as CoM gEfficient support of functions Suc_h as
MIMO, load balancing, mobility. Realizations including A COMP, MIMO, load balancing
RoF, DRoF, and deltsigma modulation mobility

'Eronthaul activities measure/estimate

[

Z

1.3 Data Transmission Interface in Mobile Fronthaul

There are different data transmission schemes proposed to suypaN Gncluding
the weltknown common public radianterface (CPRI) [B]. A CPRI based mobile
fronthaul initiates with digitizing the baseband LTE component carrier (CC) with 1/Q
streams at BBWPool and then transmits the quantized bits to the REHesh digitized
sample contains 15 digits plusdigit control words. And they are contained in one antenna
component (AxC)Within an RRH, the CC will be reonstructed based on the digitized
bits before sent to the radio equipment (RE). However, CPRI is a bandwidth consuming

method. After digitization, one 2B8IHz LTE band is converted into an about 900 Mbit/s
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on-off-keying (OOK) signal. For an enhanced LTE macro cell with three sectorstand 8

8 MIMO, it may even require a speed of 150 Gbit/s which is far beyond the capability of
today’'s access technology. d@ercone the drawback of low spectral efficiency in CPRI,
channel aggregation/eggregation (CA/CDA) is proposed in the mobile fronthaul system
[14] - [19] as shown irFigure?. In such a scheme, multiple LTE signals are transmitted
with frequency division multiplexing (FDM) over one wavelengdthision-multiplexed
(WDM) channel and thus the spectral efficiency can be greatly imptmeealise there is

no digital quantization prass For example, in [8], 1.5GHz RF bandwidth is abundant

to support 48 20MHz LTE signals. The FDM could be realized by pure DSP schedje [1

- [17] or digitatanalog hybrid method 81, [19]. However, current CA/CDA based mobile
fronthaul is built upona pointto-point (PTP) architecture with WDM passive optical
network (PON), which also induces some problems. Above all, PTP architecture lacks the
scalabilityto support cell splitting and expansion in 5G networks. With increased number
of small cells, te available wavelengths of a WDM PON will be quickly used up and
deploying dense WDM (DWDM) multiplexers as well as transceivers is too expensive. On
the other hand, uplink (UL) transmission will become a challenging igsusing
subcarrier mitiplexing (SCM) or FDMschemes [9] - [22] in smaltcell mobile fronthaul.
Because each small cell is an independent unit, the optical signals among different small
cells are asynchronous and incoheneith various phase and polarizatio’@hen they

beat with eaclother inside a photo detector (PD), the signal quality will be seriously
degraded by optical beating interference (OBI) and phase noise. Neverthe[@8,-in

[22], complex opticalcoherent receivers are used and large guard bands have to be

remained bateen adjacent carrier components or FDM channels, which increases the cost

13



and sacrifices the spectral efficiency. Moreov@Bl cannot be thoroughly eliminated
through coherent receiving techniquee to the imperfection of the 90/18@gree optical

hybrd. The residual OBI will still deteriorate the signal quality in the above works.
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Figure 7. Architecture of channel aggregation/deaggregation (CA/CDA) based
mobile fronthaul.

Bit Stream
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1-Bit
DAC

Figure 8. Delta-SigmaModulator and Its Output

Different from conventional Nyquist ADQ@hich is typically used in CPRI and
digital quantization schemesleltasigma digitization features high sampling rate, few
guantization bits, and more importantly, simple DAC design whiatbeamplemented by
passive filters22], [23], which makes it suitable fonobile fronthauhetworks due to the
tree architecture and large number of fiber nodes. With agpghd ADC centralized in

BBU-pooland shared by multiplRAUs, andlow-cost passe filters distributed in fiber
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nodes, the upgrade at fiber nodes can be kept minifRigure 8 shows the structure and
output waveform pattern of a typical det@gma modulator. It is noticed thdte delta

sigma modulator is a closddop system whichmaintains the average number of digital
ones at the output equal to the input signal's percentage of full dcalever, one issue

of deltasigma modulator based mobile fronthaul lies in that it may require a large sampling
rate which is even ten timesetlbandwidth of the baseband signal. Furthermore, the
distribution of thequantization noise is not evenly distribut8dhe larger the bandwidth,

the higher the quantization noise level is which may seriously affect the fairness of the
transmitted signaWwhen different component carriers are aggregated in the frequency

domain.

There are also otherifférent fronthaul data transmission technologies being
discussed in both academic institutes and industigesnentioned aboveanalog radie
overfiber (A-RoF based MFH attracts interests from researchers because of its high
bandwidthefficiency [14]. A-RoF systems domn’require 15digits quantization and the
wireless carriersould be alignednto different intemediate frequencies (IFs). Therefore,
a 1.5GHz frequency bandtan reach59-Gb/s common public-radio-interface (CPRI)
equivalent data rafd 6]. Neverthelessexisting A-RoF systemsarebuilt upona pointto-
point (PTP) structures and they suffer seriously from nonlinear degradatielestirical
amgification as well asASE from optical amplificationsOn the ¢her hand, functional
split based mobilénterfaces havencurreda lot ofdiscussions recent[g], [24], [25]. By
separating a part of tHanctions inMAC-layer and physicalyer out ofthe centralnit
to the remote sites, data trafbietween thengould be significantlyreducedNonetheless

several issues arnaeducedfrom function split. Firstly, when the splitakes placedeep
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towards the MAC layer, the system becortesoughly decentralizedthusincompatible
with features like coordinated mufppint (CoMP) transmissioand MIMO. When the
protocol stacksresplit at the physical laye digitization is still inevitable and the saved
bandwidth is limited Moreover different applicaions and radieaccess technologies
(RATS), such as 10T and enhanced molslemetimesneedvarious protocols and have
significant differences imodulation formats, FEC, and chanestimation mechanissn
from MAC and physical layers, whicimcurs highconplexity in functional splitbased
systems an@veakensts compatibility with 5G heterogeneous network.
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Figure 9. Small-cell compatible pointto-multi -point (PTMP) mobile fronthaul
network: (a) architecture; (b) operation principle.

Other than PTP transmission,-RoF can also baleployedinto a smalcell
compatible bidirectional mobile fronthaukystemswith CA/CDA. As shown by the
architecture showim Figure9(a), the system is based ow®M-FDM PON with aPTMP
archtecture. Hence it can connectto increased number of small cells or hot spots,

meanwhile stilbeing ableo support traditional macro cells whioffer a complementary
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coverage andssist the coordination functianas indicatedin Figure9(b), the operation
of the mobile fronthauk composed afwo partsFor the down link dateansmissionthe
groups ofwirelesscarriersfor different cells are generated at the BBOol. After fiber
transmission,componentcarrier groupsare separatedand demodulatednside tte
correspondingadio access units (RAUs). Then afthgital signal recovery andigital
frequency upconversion, CCs are sent to tiaglio antenngswvhichtransferredhe signal
onto its corresponding RF banduich a design could potentially incredlse number of
connected cells and the signals for different cells can be efficiently allGradedarranged

with high flexibility.

During the past few decadesriousdigital-RoF (D-RoF) interface are developed
and among thenGPRland open base sia architecture initiative (OBSAI) [g become
matured standardsto provide specifications omonverting and transferringigitized
baseband radio carriefisetweenradio equipment controller (RE@ndradio equipment
(RE). Different radio formats are spprted including global system for mobile
communication (GSM), code division multiple access (CDMA), and evolved universal
terrestrial radio access {ETRA). By applyingsufficient number of quantization digits
and appropriateforward error coding (FEC)after signal recoverythe digitized radio
carriers can be reconstructed with no quality degradatiteverthelessthe major
disadvantagef D-RoFfronthaulis thelow bandwidth efficiencyTo digitize eachdiscrete
analogsample, 15 digitare neededvhich brings heavy burden tbe available bandwidth

especially fohigh-speedmobile services

However,D-RoF technologies still shovadvantages in the following aspe{2s].

Firstly, D-RoF is format agnostic with simple hardware implementation at radio access
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units (RAUs)while A-RoF signals may need to be recovered at RAU to eliminate the
nonlinear distortions before sent to the antenmdsanwhile D-RoF data shows high
resistanceagainstmnonlinear disbrtions from both electrical and optical componelttsan
realize highquality errorfree transmission when using FE&hich is critical for uRLLC
Thesebenefits make D-RoF a qualified candidatéor future MFH. Recently, a lot of
researctprogresses are madehigh-ordermodulationtechniqueg29] - [31] anddigital
compressionalgorithns [32] - [37] which ignites the hopeto largely improvethe
bandwidth efficiencyf D-RoF. Amonghose algorithmspartial bit sampling (PBYB2]
is simple butthedigitizationnoise growsjuickly with fewernumber of digitsResearchers
from NTT proposedFitting based nonlinear quantization (FBN®4], [35] with improved
precision However the execution of thelgorithm is time consumindzurthermoe, it is
not discussed for these methodshamv to improve the compatibility of {RoF systems

with multi-RAT and diverse applicationghich isimportant in5G NR system.

1.4 Time Division Multiplexed Passive Optical Networks for Delay Sensitive Mobile

Fronthaul Network

The evolution towards nexgeneration mobile data network requires the
consideration of both network capacity enhancement and transmission latency reduction.
According to the irprogress standard framework from IHRJ International Mobile
Teleconmunications 2020 (IMT 2020) and 3GMew Radio (3GPP NR)3f], 1-ms
latency is required in 5G scenario of utediable and lowlatency communications. Other
new emerging technologies, e.qg., tactile internet (TI) and virtual reality (VR) also require
1-ms endto-end latency 39]. To date, more important than increasing the fronthaul

throughput, the latency issues also become a major bottleneck limiting futureifielerss
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access network to achieve uifiesst response speed. To save the cost for cellnsiqna

and densification in the near future, thdemain multiplexed (TDM) passive optical
network (PON) has been proposed as a-etisttive mobile fronthaul (MFH) solution
[40], [41] and fibers from existing optical distribution network (ODaMg considered to be

an ideal media providing low transmission loss and high network capacity. With long fiber
transmission and largecale computing at the edge servers, the time budget for PON
functioning, framing, buffering, and digital signal procags{iDSP) has to be greatly
reduced to meet the stringdatency requirements. Given processing time slots of 0.5 ms
and 0.3 ms at the central stations and user interfaces respec3®elth¢ bidirectional
transmission over the mobile fronthaul shou&l dompleted within 0.2 ms in order to
guarantee a-ins roundtrip delay. Moreover, this does not take into considerations the
transmission time over 5 to 20n single mode fiber. However, due to low flexibility and
long idle time resulted from traditionedquestand-grant bandwidth allocation process in
PON, e.g., @ON and EPON, it is very challenging to build an optical access network

with ultra-fast response time.

Based on the standards defined by {TWG987.X, a flexirame timingcritical PON
architet¢ure is proposed in42] which improves the flexibility and the response speed of
the existing GPON system. The traditional requestdgrant process in bandwidth
allocation is modified to repedindadjust scheme where the data does not need to wait in
gueue at the optical network unit (ONU) until granted a slot. ;Tiigkly flexible framing
is enabled and short bursts or frames with greatly reduced idle time can be obtained
especially under lower traffic load. Meanwhile based on thefflaxe design, @ open

architecture of the CO tesignedwhich is compatible with different radio interfaces and
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existing GPON protocol stacks. Different formatted data with various bandwidth
allocation schemes can be coexisted, reconfigured, and coordinated wisnoptidg the

normal PON functioning.

Figure 10 shows the conceptual flow diagram of the proposedffexe PON, and
the bandwidth allocation methods in traditional and proposed schemes. In traditional G
PON, the service data mapping, framing, and funatibes are based on 125V *321
transmissiorconvergence (GTC) periodicity which guarantees the reliable timing and
synchronization of the system. In the DL transmission, timing and synchronization issues
are mitigated due to the broadcast nature. Howeawehe UL transmission, because one
common channel is shared among multiple ONUs, a set of complex bidirectional
coordination procedures are defined for channel multiplexing and blocking avoidance,
which, on the other hand, increases the system progedslay. Furthermore, the non
negligible execution time of dynamic bandwidth allocation (DBA) and the roimtime
(RTT) lead to a period of idle time gap in UL, as shown iuf&@d0(b). To avoid potential
collision in UL, each ONU needs to wait theagr messages from the OLT before bursting
out the data from the buffers. Given a2 SMF link, such a process introduces -180
roundtrip delay. When including the DBA execution time and ONU respansg, the
total delay is even close to milliseconddjich could be intolerable for future newadio
and fixed services with stringent latency requirements. Class interleaved scheduling is
proposed43], [44] to improve the bandwidth utilization rate, but the limitation from-125

V IL[HG 1UD P H Z RibdistiD €xiSt ith BepHIli®) process of each class or thread.
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Figure 10. (a): Conceptual flow diagram of flexframe PON. (b)(c): Bandwidth
allocation schemes in traditional and proposed schemes respectively.

To mitigate the above latency issues, a -fiame timing critical PONis
demonstrated in42] which is compatible with conventional-BON and meanwhile
achieves fast response speed. The conceptual flow diagram of the proposed PON system
and its scheding process are shown iRigure 10(a) and (c) respectively. In this
architecture, part of the functionalities, including bandwidth allocation, service data
partitioning, coding and FEC, are separated from the existing PON framework and open to
the outer intdaces for modifications and reconfigurations. The data #owapsulated
inside the modified frames defined by the outer interface forms the service data streams
(SDS). On the other hand, to guarantee the normal operations for the PON system in terms
of timing, ranging, monitoring, protection, and ONU management, PON phiayeal
operation, administration, and maintenance (PLOAM) fields are inherited from XGTC
specifications and PLOAM messages are transmitted by PON control streams (PCS) which
could stillfollow 125 V ;*7& SHULRGLFLW\ W LV ZRUWK QRWLQJ W
be redefined and adjusted by the outer interface to meet the more critical delay
requirements, so SDS does not need to follow 15 JULG DQG LWV IUDPH GXUL
much $orter. In the following numerical study, 12.5, 25, 62.5,and 195 I UDPH GXUDWLR

are tested. The overhead of the SDS is also greatly reduced because the redundancies
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related to PLOAM are simplified and physical synchronization block (PSB) is preserved

for the ease of timing alignment.

To cope with the shortened frame duration and maintain a high bandwidth utilization
rate, traditional bidirectional requeahdgrant (R&G) mechanism in DBA is modified to
a reportandadjust (R&A) algorithm to support botfiixed and mobile services. For fixed
services, except fromonsidering the already enqueued data of the current frame, based on
network traffic selsimilarity [45], the statistical information in previous frames are also
utilized to predict and adjushe bandwidth needed for the following DBA cycle period.

The total request bandwidth reported from ONi$ obtained b®g(n 1) Bo(n Be(n,
whereB,(n and B (n) are the bandwidth requirements estimated fraqueued data and

previous incoming traffic flows respectively. On the other hand, for the wireless data,
common public radio interface (CPRI) or sfiHY [46] is assumed to be used as the outer
interface which could reconfigure the scheduling scheme basetixed bandwidth
allocation (FBA) or mobile specified DBA4(] respectively Meanwhile, OLT could
globally align and coordinate different framing schemes through PCS to guarantee the
functioning of the TDM system. Thus, by separating the functionaliiies different
blocks and implementing novel bandwidth allocation schemes, the framing for delay
sensitive services is less limited bynventionalroundtrip coordination process and

different services could be compatible over an open PON platform igilerhflexibility.
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1.5 Multiband Modulation Technologies in Fiber-Wireless Access Networks and

Mobile Fronthaul

RoFwith millimeter wavesrequalifiedcandidates imextgeneratiorfiber-wireless
integratedaccessnetwork to provide mukband, multiservice, and muhuser access
solutions in the near future. To meet these goals, one of the key enabling techniques to
boostnetworkcapacity as well as scalability is tggaegate a lot of singlehannels witha
large density,advanced modulation formatand digital filtering techniqueslherefore
multiband modulatiothecomeafeasibleoptionenabling the coexistence different users
with different servicesn different bandsA lot of worksare maden this areacompiling
carrierless amplitude and phase (CAP) modulati@], [48], Nyquist wavelength
division multiplexing (NWDM) [49] - [5]1], super channebperation[52] - [57], and
quadrature duobinarprecoding[58], [59]. However, supper channel and duobinary
precodingmay find theirshortcomingsn high computationatomplexitywhich weakens

their applications in higlorder modulation or higldensity carrier aggregation

However, QAM CAP and NWDM widely adoptraisedcosine (RC) or squan®ot
raisedcosine SRRC) filtersto shape the pulse of each channel and ehdssired oubf-
band power leakageare inducedrurthermorethere are@meside effectsvhen applying
RC or SRRC filters witlegularQAM modulation.First ofall, the bandwidth occupied by
eachchannel idarger tharNyquist bandwidth. Itheroll-off factor, , is usedto measure
the ratio between the excess bandwatihinsthe Nyquist bandwidit, a loss in the spectral
efficiency (SE) will be introduced witta factor of 1/(1+ ). Secondly in the real
deployment in ASIC chipghe pulse shape of a filteeeds to be truncated in order to build

the discretdfilter taps. When the timavindow spanafter truncationis increased, the
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frequency response of the digital filteends tats ideal shapand this will bepaid by the
increase in thenumber ofdigital filter taps followed byhigher complexity in doing
multiplicationsin digital convolutionNeverthelessvhenchoosing a small] for example,
U= 0.25, the insufficientruncationduration wil lead tolarge outof-band sidelobefs0]
which will leak into the adjacent channetducingthe signatto-interferenceplus-noise
ratio (SINR). Although the schemes based ®tyquist supper channear duobinary
precodingcan be claimed to exceed Nydulgnit [61]. They requirecomplex DSP,
precoding and decoding which significantly incredaee complexity and processing
latencyof the systemsThus,to controlthe complexityandatthe meantime maintain the
high flexibility, multi-band CAP modulation beconge promising solution and in the
following chapters, it will be demonstrateddetailabout the properties of muliand CAP
modulation andts key applicationsMoreover frequency domaimulti-bandmodulation
couldalsobe used as the data multiplexing schammobile fronthaul networkCompared
with traditional timedivision multiplexed methods, multiband multiplexing could bring
higher flexibility, lower requirements on synchronization, as well as higher spectral
efficiency.Different data streams transmitted to different RAUs coulchbiiplexed onto
different frequency bands and by choosiagpropriatedigital filters eitherrelaxed

synchronization requirements or higher spectral efficiency can be achieved.

1.6 Outline of the Dissertation

The outline and logicaklations among different research topics in this dissertation
are plotted inFigure .. Most of the works are focused on mobile fronthaul technology
and in our research, they fall into two categories. The finstadio belongs to the fronthaul

link connecting the central unit (CU) and the distributed unit (DU). In some materials, it is
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also named as Tidr mobile fronthau[38], which is capable of transmitting data with high
capacitythrough long distance (2080 km). The highlevel network architecturs more
complex and flexible emphasizing on software reconfigurabilityfthe promising
candidates comprise WDIAON, coherent optical systems, and multilane transmission
links. The second era of mobile fronthdaathnology refers to the links betwebht) and
remote radio unitswhich is often called Tier mobile fronthaulSuch links should be able

to support pointo-point or onepoint-to-a-few-points transmission. Lovatency, high
flexibility, and compatibilitywith mobile technologies are the key features of the systems.
The desired candidates to realizer-I mobile fronthaul include digital radioverfiber
(RoF), analogRoF, and deltassigma modulationDigital RoF features high transmission
quality but need to overcome the issues of lower bandwidth efficiehtycomparison,
analog RoF shows higher spectral efficiency but has to pay extra efforts to control the
distortions from nonlinearity and chromatic dispersioif®e most important work in this
dissertéion is to studynow to improve the bandwidth efficiency of the digital RoF through
data compression techniquesghere three methods of fast statistical estimation, Lloyd
algorithm, and differential pulse code modulation are discus3acthe other handpt
reduce the bdirectional transmission latencgnultiband modulation is also proposed to
be implemented itboth Tierl and Tier-1l mobile fronthaul to replace traditional TDM
scheme, with lower synchronization requirenseamd higher flexibility. Meanwle, as a
minor research topic, there are also some works dam@aing RF systems which mainly
consistof digital signal processing and advanced modulation formats to reduce e out
band power leakage and improve the spectral efficiency of the si¢naslsalso worth

noting that multiband multiplexing could also benefit analog RoF systems when it is used
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to aggregate carriers over different radiccess technologies (RAT) providimgulti-

serviceto multiple users.The brief introductions of the chags are provided as the

following.

Mobile Fronthaul Technology

2 L /
Mobile fronthaul from CU to DU Mobile fronthaul from DU to RRU
xHigh capacity and point to muki XPTP or one point to a few points

point xLow latency

x Software reconfigurable xHigh flexibility
xExtended transmission distance XxMIMO and coordinated multipoint compatible
xMore computing power .

2 2
xWavelength division multiplexing Digital radio over fiber Analog radio over fiber
xCoherent optics Delta-sigma modulation
xMulti -lane transmission ¥ L 2
xMultiband multiplexing Pros: High reliability; Pros: High SE

Cons: Lower bandwidth Cons: Nonlinear
; efficiency; Strict distortions; ASE noise;
1 synchronization Chromatic dispersion
Chapter 2- Data Compression Chapter 3- Multiband Chapter 4- Digital
xFast statistical estimation == Modulation ==p| Signal processing and
xLloyd algorithm xOQAM and QAM advanced modulation
xDifferential coding xIM-DD ar;j Coherent format in A§OF
xImproved bandwidth efficiency| xMulti -user xReduced OOB
xReduced quantization noise xMulti -service and RAT] leakage
XA/D & D/A with lower xReduced latency in xReduced guard bands
resolution data multiplexing xCarrier aggregation

Figure 11. Logical relations of researchtopics.

After the introductiorof research backgrousdnd challenges i@hapter 1, Chapter

2 demonstrateswo critical technologiego improve the transmission efficiency and

flexibility of D-RoF systems. A fadtatistical estimation based data compression

algorithm is proposed to reduce the number of quantization digits4R@Mbased mobile

fronthaul with low complexity and highuglity. Combined with resampling and advanced

modulation formats, datansmission efficiency of a 26bit/s D-RoF testbed is improved
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by around 5 times compared with uncompresseIsystems. On the other hand, we also
experimentally demonstrate RITMP D-RoF system with multiband modulation, which
exhibits higher flexibility and better compatibility with multiple services and different
radio-access technologies compared to existing schemes based on time interleaving. An
experiment of 13.&bit/s 4band PTMP bidirectional BRoF MFH is demonstrated.
Combined with data compression, error free delivery ofdh#t/s 1024QAM 5G-NR-like

signals is realizedMoreover, adatacompression technology with differentiedded

Lloyd algorithm isalso envisioned tomprove bandwidth efficiencies in digitaiobile-
fronthaul networks. We experimentally demonstrated milestone transmissions of 180 Gbps
over 8Gkm fronthaul links encapsulating 64x180Hz 1024QAM 5G-NR carriers with

lower-than0.5% EVM.

Chapter 3mainly focuses on discussing the midand modulation techniques in
mobile fronthaul system#An offsetQAM carrierless amplitude and phase modulation
(OQAM-CAP) technique for spectral efficient multserRoF systemss demonstratedn
comparison with traditiosl QAM based CAP modulation schemes, the digital filter for
each channel in OQANCAP can be adaptively redesigned to obtain either higher spectral
efficiency or lower computational complexity. Two kinds of digital filters, namely, sguare
root raisedcosine(SRRC) filters and isotropic orthogonal transform algorithm (IOTA)
based filters, are studied and applied to shape the frequency window of each channel in
CAP systems. We compared the performances among SRpEM CAP, IOTAOQAM
CAP, and traditional SRRQAM CAP. It is experimentally demonstrated that SRRC

OQAM-CAP can achieve higher spectral efficiency, IGD®AM-CAP can obtain higher
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computational efficiency, and SRRQAM-CAP can be used in uplink transmission with

lower intekchannel interference.

Chapte 4 reviews some related works in analog RoF systemsba@kie operation
principles inabidirectionalpoint-to-multi-point mobile fronthaul systeare discusseand
different detection techniques for receiving UL signals have been comjydeaelength
division multiplexing plus frequency division multiplexing (WBDKDM) is implemented
to supporremotely distribute@synchronous small cells. Intensityodulationplusdirect
detection (IMDD) as well asfiled-modulationplus heterodynedetection (FMHD) are
used for downlink andiplink respectively Combined with efficient virtual tone based
phase recoverpSP and carrietffrequencyoffset estimationpenalties and interference
from undesired beating components WL signals are mitigated. Proof-concept
experiments ar@erformed and.8 - 20 80MHz component carriers (CCs) aggregated
andtransmitted over 2&km standard single mode fiber (SSMbijlirectionally. The last
part of Chapter 4 investigatesing filterbank multicarrier (FBMC) in a mobile fronthaul

to reduce the guard bands between adjacent channels.

The summary of the contributions in my PhD workrenderedin Chapter 5 and

future research directions are envisioned in the end.
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CHAPTER 2. STATISTICAL DATA COMPRESSI ON IN NEXT -

GENERATION DIGITAL R OF MOBILE FRONTHAUL

As a counterpart of analog raehwerfiber (A-RoF) technology, digital radiover
fiber (D-RoF) system, such as common public radio interface (CPRI), is a matured and
robust solutiond support RF signal delivery in traditional mobile fronthaul networks. In
view of recent progresses in dettigma modulation, data compression, and advanced error
correcting coding, the efficiency of-RoF is significantly improved, which motivates
reseachers to reevaluate the role of IRoF in future mobile fronthaul networks to support
5G and beyond wireless communications. In this paper, we demonstrate two critical
technologies to improve the transmission efficiency and flexibility -¢?dF systems. A
faststatistical estimation based data compression algorithm is proposed to reduce the
number of quantization digits in aRoF based mobile fronthaul with low complexity and
high quality. Combined with rsampling and advanced modulation formats, -data
transmission efficiency of a 26bit/s D-RoF testbed is improved by around 5 times
compared with uncompressed systems. On the other hand, we also experimentally
demonstrate a pokto-multi-point (PTMP) DRoF system with multiband modulation,
which exhibits Igher flexibility and better compatibility with multiple services and
different radieaccess technologies compared to existing schemes based on time
interleaving. An experiment of 13@bit/s 4band PTMP bidirectional {RoF MFH is
demonstrated. Combined tiwidata compression, error free delivery of-GMdit/s 1024

QAM 5G-New-Radiolike signals is realized.
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2.1 Introduction of Digital RoF Systems

Future5G mobile data network, with its standardization getting ready, incurs a great
challenge for building the mdb fronthaul (MFH) network in aspects of capacity, latency,
and cost. To address these issues, different fronthaul technologies are being discussed in
both academic institutes and industries. Among them, analog-oagiefiber (A-RoF)
based MFH attractmiterests from researchers because of its high bandwidth efficiency
[62]. A-RoF does not require Adigit quantization and the component carriers (CCs) can
be densely modulated onto different intermediate frequencies (IFs). Th«SHZ%.5
bandwidth can suppb59Gb/s common public-radic-interface (CPRI) equivalent data
rate [L6]. However current ARoF schemes are based on a ptorpoint (PTP) structure
and they suffer seriously from nonlinear degradations in power amplifiers as well as power
fading from ¢wromatic dispersions. On the other hand, functispét (FS) based mobile
fronthaul has triggered intensive discussions rece8)\j26]. By separating part of the
MAC-layer and physicablyer functions from the central site to the remote sites, data
traffic over MFH can be greatly reduced. However, several issues are resulted from FS.
Firstly, when the split happens deep towards the MAC layer, the system becomes
incompatible with features like MIMO and coordinated raptiint (CoMP) transmission.

When the protocol stacks are split at the physical layer, digitization is still needed.
Moreover, different environments and radiocess technologies (RATS), such as loT and
enhanced mobile broadband, may require different protocols and have different data
formats in MAC and physical layers, which increases the complexity of FS based systems

and reduces its compatibility with 5G heterogeneous network.
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During the past fewdecades, digitaRoF (D-RoF) interfaces, like CPRILB and
open base station architectunitiative (OBSAI) R7], have become matured techniques to
deliver digitized baseband radio carriers from rastioipment controller (REC) to radio
equipment (RE) in different standards, including global system for mobile communication
(GSM), code divissn multiple access (CDMA), and evolved universal terrestrial radio
access (EUTRA). With sufficient number of quantization digits and forward error coding
(FEC), the digitized radio carriers can be reconstructed by a digital to analog converter
(DAC) with no quality degradation. However, one drawback of traditionr&®dp is its
low transmission efficiency (TE). To transmit each sample, it requires more than 15 digits,
which will quickly deplete the available bandwidth resource when transporting high speed
wireless signals. Here, TE is defined as the ratio between the effective bandwidths of the

encapsulated wireless signals and thRR@- system.

Nevertheless, HBRoF still shows several remarkable benefi2g][ It is format
agnostic with simple hardware impdentation at radio access units (RAUs). Meanwhile it
benefits from digitization with high immunity to nonlinear distortions from power
amplification. Error free transmission can be obtained when using FEC. These features
imply that DRoF has the potentidb be applied in future MFH. Recent progress in
advanced modulation format89 - [31] and data compression techniqu@g] [- [37] for
transmitting orthogondrequency division-multiplexed (OFDM) signals ignites the hope
for greatly improving the TE ob-RoF systems. Among these compression techniques,
partial bit sampling (PBSBP] is easy to be implemented but the quantization noise grows
fast when reducing the number of digits. Fitting based nonlinear quantization (FBNQ) is

also proposed in3{], [35] and recommended by the standafddpen Radio Equipment
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Interface ORI) [36] with improved accuracy. However, the algorithm is complex and time
consuming because it needs to estimate the statistical characteristics from a large number
of samples which kreases the system delay. Moreover, all these methods didn’t study
how to efficiently multiplex digitizedsamples in uplink (UL) and how to improve the
multi-RAT compatibility of a BRoF MFH, which are critical to support 5G Nd&adio

(NR) systems with disibuted small cells.

In this research, to the first time, we propose adtdistical estimation (FSE)
algorithm for data compression in -Zibit/s D-RoF systems. Compared with existing
schemes, the computatioramplex fitting process is simplified wdin improves the
processing speed and reduces the latency. High compression radio (15 to 8 bit) can be
obtained with suppressed quantization noise. FeQAM LTE signals recovered after
decompression, 0.56% erreector magnitudes (EVM) and 28 system rargin from the
64-QAM EVM threshold are achieved. Combined with 3/4saenpling and PAM}
modulation, TE can even approatiat of PHY:I-Split interface 9]. Meanwhile, a
multiband DRoF MFH interface is also proposed to improve the latency, flexibilitg, a
multi-RAT compatibility of the system especially for its UL. By allocating frequency
domain bandwidths for distributed remote sides, the delaycantplexity induced by
traditional timedivision multiplexed or tim&lomain interleaving based systems are
reduced. Bidirectional transmission experiment is demonstrated widnd DRoF
channels, which is able to deliver 83bit/s 1024QAM 5G-NR-like CCs with less than

0.6% EVM.

The organization of the chapter is as follows: Section | presents the operation

principles of data compression and compares our proposed FSE algorithm with other
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existing methods. Experimental results of FSE in #P8/s MFH is also demonstrated.
Section Il presents the concept of multibandRBF system and discusses its benefits as

well as related experimental results. Section Il concludes the paper.

2.2 D-RoF MFH Interface with FSE Based Data Compression

2.2.1 Operation Principles of Data Compression irRADF Systems

The operation principles of data compression in digit@&DM signals are shown
in Figure 12 Typically, the probability density function (PDF) for the amplitude of an
OFDM signal follows Gaussian distribution characterized by expectat#om standard
deviation & as shown irFigure 1Za). In FBNQ methodstatistical fitting is performed
where the system estimatésind éof a given OFDM baseband signal by calculating the
mean dand the standard variandgrom a large number of samples. Then the amplitudes
of the real and imaginary parts of the sam@es companded based on the estimated
cumulative distribution function (CDF). The CDFs of the modulus for a basebabd/-
signal real part before and after companding are compardédgure 1Zc) and (d)
respectively. It is observed that, before compandimgslope of the CDF is namiformly
distributed. The probability increases fast when the modulus is small and the increasing
rate becomes retarded when modulus gets large. If we apply uniformly distributed
guantization levels to digitize the modulugyrsficantly large quantization errors will be
resulted from the region where CDF shows a large slope. However, after linearizing the
CDF though companding as shownhkigure 1Zd), the error after uniform quantization
can be minimized. Typically, the cgmession algorithm starts with companding @it

digitized OFDM signal based on its statistical distribution and then apply V digits (U > V)
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to redigitize the signal and meanwhile to control the quantization error below the tolerable

threshold. In this ase, the number of bits after compression can be reduced by a factor of
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Figure 12. Probability distribution functions of (a) amplitude and (b) modulus for

an LTE-like OFDM signal; (c) and (d): cumulativedistribution functions of OFDM
signal’'s modulus before and after companding respectively.

The agorithm of FBNQ is shown ifrigure 13a). The analog baseband OFDM in
phase () and quadrature (Q) components are digitized byb# Bnalogto-digital
converer. The statistical fitting is applied to estimate the Gaussian distribution function.
Then based on the fitted Gaussian distribution and companding algorithm, original sample
amplitudes with U bits are nonlinearly mapped to the compressed ones withaV thies
transmitter. Similarly, a reversed-td-U bit mapping is applied at the receiver site to

decompress those samples.
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Figure 13. (a) and (b): DSP flowof FBNQ and FSE based data&ompression
methods respectively. (c): Digitied data formats before and after compression.

However, one drawback of existing FBNQ method is that, in order to estiirthte
statistical fitting process needs to calculate the deviation of each sample’s amplitude from
the mean value, which is computatal complex and time consuming. In this paper, we
propose an $E based scheme as showkigure 13b). For AGcoupled CCs with no DC
component, the modulus of the signal is considered instead of its amplitude. The modulus

PDF of an OFDM signal is shownniFigure 1Zb), which follows folded Gaussian
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distribution. Compared with Gasian distribution shown iRigure 1Za), signal modulus

is always positive with an accurate zero level. After combining this property with FSE
algorithm proposed in the followirgart, computational efficiency can be improved, which
does not need to calculate the average value and deviations of the bipolar amplitudes in
FBNQ. FSE algorithm supposes that the amplitude of the sig@ais, bounded by

[ F- & - €] and the correspaling PDF and CDF of signal modulu$= | @ are modified

to

2

2
f (X) me 2V (21)
Fyx (X) —erf @f >V (2.2)

whereA= 1 F2  F-) and Ois the CDF of the standard Gaussian distribution. Such a
distribution is also named as truncatelded Gaussian (TFG) distribution. The acquisition
of the companding transform functiob= % T), is based on63]. Here Uis the output

linearized sighamodulus which obeys uniform distributigiven by

y
F — [0 K
v(Y) kv Y [ V. (23)
Since (g( T and (4 U are continuous and strictly monotone increasing functions, the

following relation can be derived as

Fy(X) Prob(X dx)
Prob C (X)) dC(x) .
R C(¥

(2.4)
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Hence % T) can be immediately deduct as
C¥ K ! Fe (X (2.5)
By substituting(2.3) and(2.4) into (2.5), onecan obtain

C(X) Qe ;%/ (2.6)

Accordingly, the decompanding transform function is simply derived by taking the inverse

function of (6): %6 V.

One important property of zemean Gaussian distributios that 99.7% of the
samples fall into the range ¢F3 é 3§, which is also known as thregma rule.
Therefore, it can be predicted that wheapproaches 3, given enough number of samples,
the approximated TFG distribution could highly approach tiggral untruncated folded
Gaussian distribution since it considers more than 99% of the possible modulus values. It
is worth noting that, because the modwisassumed to be distributedj@n+ - €], after
normalization, obviously, the following relations can be edudgd, sas5= -€= 1.
Consequently, the standard variance can be immediately obtaingéd ldy -. Compared
with FBNQ method, no fitting is needed to achieve the statistical chasticeof TFG,
which could significantly reduce the computational complexity and processing delay.
Based on (6), the flow diagram of FSE data compressianltiiRoF system is shown in
Figure 13b), which is similar to the stacks of FBNQ showrkigure 13a). However, the
fitting process is eliminated and the core algorithm of the system is replaced by our

proposed TFGSE method where the compression and decompression mappers are
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generated based dd= % T and T= 9% X U respectively The following exerimental

results demonstrate that, except from reduced complexity,-A$E is also a highly
accurate method. By repeatedly testing over waveforms with more than 10,000 samples,
the best- value with the smallest quantization error is found to be arotmé&igure 13c)
demonstrates the digitized data format before and after compression. It is noticed that the
first digit of the compressed sample is the sign of the amplitude (“+™)owActually, only

(V-1) digits are taken into use to realize théol/-bit mapper.

Similarly, the proposed mathematical approach can also be applied to compand the
power of the sampleT = | % OB[ F-& - ¢&]. The number of quantization levels can
also be reduced afterwards. Under this casallows truncated powered Gaussian (TPG)

distribution. Likewise, the companding transform function can be educed as

T KV Sk
C G f
0 \/i 2)(K) % g2V &0

Except from statistical based companding methods, some matured companding
methods for encoding acoustic signals are also considered here. They intdndand A

law [64]. The compandingransform function of -law can be derived as

C(X) sgn(x)TFM) xe[ 1, 1] (2.8)

On the other hand, the companding transfofrA-law is realized by a piecewise function,

which is expressed as
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(2.9)

2.2.2 Experimental Verifications and Discussions for-ROF MFH with Data

Compression

To compare the performance of the aforementiadetd compression methods, we
set up a simple bado-back intensitymodulation and direetietection (IMDD) link with
a 16GHz directly modulated laser (DML) and a-BHz avalanche photodetector (APD)
used as the transmitter and receiver respectivelyelBuotrical signal is generated by a 10
GSa/s DAC and sampled by a-@®a/s digital oscilloscope. One digitized 30MBRIz
LTE OFDM CC carrying QPSK, 16QAM, and 64QAM signals are firstly companded and
mapped to &ligit binary signals. Signal components ageonstructed offline after-&®-
15-bit demapping. The results of the EVM for decompressed signals after applying
different algorithms are compared kigure 14a) to (d). Since there are nonreversible
information losses when we forcibly reduce the quation resolution, the quality of the
signals will be degraded after data compression by so called quantization noise. One key
objective to study companding algorithm is to minimize the resulted quantization noise.
For comparison, blue lines with an EMMue of 0.94% are marked Figure 14a) to (d),
which are obtained from PBS method with lowder digits directly removed at the
transmitter and replaced with random digits at the reced2prIf can be observetthat, by

optimizing the parameter of thégarithm, EVM can be improvedAmong these methods,
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TFG-FSE obtains the highest improvement when K is ranged from 2.5 to 3.2 with the

lowest EVM value of 0.56% at K2.76.
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Figure 14. (a) to (d): EVM performance versus key parameters in -Law, A-Law,
TFG-FSE, and TPFFSE methods respectively. (e): EVM versus number of
guantization digits for different companding methods. (f): Enlarged diagram of (e)
when number of digits is varied from8 to 10.
Figure 14e) and (f) compare the EVM performance as a function of the number of
guantization digits. It is observed that, for all the cases, EVM is degraded with fewer
number of quantization levels, which is induced by larger quantization ndieeEVYM

thresholds of 16 64, and 256QAM modulated OFDMignals before air transmission are

12.5%, 8%, and 3.5%, respectively, which are quoted from 3GPP releas]12 |
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Meanwhile, the thresholds of 1024nd 4096QAM are also marked ifigure 14e) and

(H with EVM values of 1.68% and 0.7%, respectively, which are defined in DOCSIS 3.1
[65]. From these results, it is worth mentioning that, actually 5 digits are enough to sample
a 64QAM OFDM signal with EVM passing the 8% threshold. However, in a yesaém,
because of the variance in amplitude of the received signals, arowil @@rgin should

be left for dynamigange tolerance. That is why 89 and [36], 10 digits after
compression are recommended for RF signal delivery. However, it is obskatedith
advanced companding algorithm, the quantization error can be further suppressed with a
better signal quality after decompression. Namely, as shoWwigime 14f), by utilizing
TFGFSE, AODZ -BW EVM values could pass the 40QRAM threshotl with 28
guantization levels. For comparison, when U=15 and V=8, EVM values achieved by TFG
FSE, A OD Zlaw, FBNQ and PBS methods are 0.56%, 0.63%, 0.68%, 0.767%, and
0.897% with 23.098 22.075, 21.4, 20.4, and 19.6dB system margins from 8% 64
QAM threshold respectively. Table | summarizes the net bits of original symbols,
minimum required number of bits after compression, and the number of bits in CPRI
standard. It is found that when lowerder modulation formats are applied, e.g., QPSK or
16-QAM, higher compression ratio can be potentially achieved compared with CPRI. On
the other hand, with high@rder modulation formats such as 258M or 1024QAM,

after compression, the number of digits of each sample approaches the number of
corresponding ndiits. This fact indicates thatjith advanced compression method, the D
RoF based MFH could realize high TE approaching that of P3lit schemeq] where

the OFDM modulation functions are moved to the RAU site and the Miréttly

transmits the net l@tof eachsymbol before the inversiast Fourier transform (IFFT).
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Combining with simple hardware implementations at the distributed RAUs, compressed

D-RoF could still be a competitive option against FS in certain application scenarios.

Table 3 — Minimum number of bits for different modulation formats.

Formats QPSK  16Q0AM  64QAM  256QAM  1024QAM
Net Bits 2 4 6 8 10
Minimum Bits after o o, oy g(ox4)  10(2x5) 12 (2x6) 14 (2x7)
Compression
Bitsin CPRI 30 (2x15) 30 30 30 30

2.2.3 Experimental Demonstrations of -Z&bit/s Compressed -RoF MFH with Re

Sampling and PAM

Despite using data compressitathnique,itself, it can also be combined with-re
sampling and advanced modulation formats to further improve the TEReff/OMFH. To
demonstrate the feasibility and performance of FFSE data compression scheme jointly
working with other techniques, aRoF MFH est bed is set up with the system diagram
shown in Figure 15 At the BBUPool the OFDM modulated LThke baseband
components (BCs) are generated with a sampling clock of 30H2and bandwidth of
20-MHz. Then each BC is dowsampled by a rate of 3/4 bedoquantization with 15
digits. Therefore, the sampling clock is reduced from 30.72 MHz to 23.04 MHz.
Afterwards TFGFSE based data companding process depictBdyure 13b) is applied
to map each 18igit sample into 8 digits and-digit control word isadded to every
digitized sample to compose one antenna carrier (AxC) chip. AXC chips from 54 different

BCs are interleaved and multiplexed in time domain to form d@iRRIframes. To
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guarantee the errdree performance, the data is encoded with ClikeIReedSolomon
forward error correction coding (REEC 528/514) 13]. Subsequently, the binary data is
mapped to PAMA symbols. A squareoot raised cosine (SRRC) filter with a rolif factor

of 0.2 is applied to shape the pulses of the PABYmMbols. AKeysight M8195A arbitrary
waveform generator is used to generate the PIAModulatedvaveforms and the signal

is modulated onto the light by a-TicHz DML operated at 1310 nm. After-Rdn standard
singlemodefiber (SSMF) transmission, at the RAU site, a@Hz APD is used to convert

the signal from the light into electrical domain before sampled by a digital oscilloscope.
Then processes of zeforcing equalization, FEC decoding, decompression, and 4/3 up
sampling are performed offline successively to recahe OFDM signals. The PAM

MFH test bed is operated with a data rate of 25 Gbit/s which encapsulate§/z20E
signals with | and Q components. The TE of the MFH is defined as the number of LTE
symbols transmitted between the B#Bdol and RAU durig each unit time slot. By
estimation, 3/4 resampling, 15bit-to-8-bit data compression, and PAMmodulation can
improve the TE by factors of 4/3, 16/9, and 2, respectively. Hence the TE can be improved

by 4.74 in total compared to that of existing CPRI.

The measured (bi#rrorrate) BER results and the Matiglotted received eye
diagrams of the PAM signals are shown Figure 16a). After FEC decoding, error free
performance can be obtained when the BER passes the threshold 4fivithea received
power around16 dBm. Under errefree condition, the quantization error induced by TFG
FSE based compression and decompression method is insignificane 1§b) shows

the recovered constellations of-@AM and 256QAM wireless signals with EVM values
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of 0.57% and 0.56% respectively, which demonstrates the feasibility of the compressed D

RoF MFH solution.

Figure 15. Experimental setup and function stacks of 25Gbit/s IM -DD D-RoF
based MFH.

Figure 16. (a): BER performance as a function of received optical power. (b):
Selected constellations of LTHike OFDM signals after 15to-8-bit compression and
decompression.

2.3 D-RoF MFH Interface with FSE Based Data Compression

2.3.1 Operation Principles of Frequendyoman Multiband Multiplexing versus Time

Domain Interleaving

In existing DRoF based MFH, like CPRI, to reduce the latency and avoid using

complex dynamic bandwidth allocation (DBA) algorithm in traditional TDM systems,
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time-domain interleaving is used for niplexing the digitized signals to different radio
transmitters §6]. As shown inFigure 17a), to construct a CPRI basic frame, digitized
samples are interleaved aadanged in order per AxC chip, e.g., AXC Chip 1 first, AxC
Chip 4 last. Such timdomaininterleaving is straightforward but it suffers from some
drawbacks which may not keep up with the requirements of future 5G mobile data
networks. The first issue is that in order to realize the interleaving operation, the sampling
clock of every CC shouldbe equal to or integer multiple of one unit clock reference.
Although such a condition is met for current LTE system, it limits the system flexibility
and weakens the compatibility with muRIAT coexistence in a 5G heterogeneous
network. On the other hdnafter resampling operation, maintaining the same 3Mi2z

clock reference becomes difficult, e.g. with 3/4 desampling for 2eMHz CC and 4/5
downsampling for 18MHz CC, which complicates the interleaving algorithm. Moreover,
time interleaving reques strict synchronization among all the AxC chips, which becomes
a great challenge for developing a mplint-to-point (MPTP) network for UL

transmission supporting distributed multiple RAUs.

In this paper, to resolve the aforementioned issues, we ggofm introduce
frequencydomain multiband multiplexing in a-BoF MFH network with its flow diagram
shown inFigure 17b). The inputs of the system are the baseband groups (BBGs) from
different cells. Each BBG is composed of one or multiple interleav@bbad components
of the wireless signals. After applying digitization and compression following the process
shown inFigure 13b), the BBGs are converted into digitized component carriers (DCCs).
Then frequencylomain multiband multiplexing is introducea multiplex different DCCs

into different frequency bands. Modulation formats like carrierless amplitude and phase
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modulation (CAP) 67], [68] and multiband discretEBouriertransformspread OFDM
(DFTS-OFDM) [69] can be used here. Both methods heamparable spectral efficiency
and lower peako-averagepower ratio (PAPR) than OFDM. The bandwidth and
modulation formats of each DCC can also be flexibly adjusted in CAP without limitation
of using the same clock reference. With highly efficient FForitlgm, DFTSOFDM has
better computational efficiency and flexibility but more sensitive to timing as well as
frequency offset than CAP. With digital filtering, the adjacent channels in CAP modulation
can be isolated with slightly increased computationahmlexity. The guard band can be
reduced in CAP modulation for PTMP UL transmission and it does not require strict
synchronization. In the following part, we apply CAP to experimentally demonstrate the

operation of multiband B(RoF MFH network.

Figure 17. (a): Operation principles of data multiplexing in traditional MFH. (b):
Flow diagram of proposed data multiplexing in MFH incorporating frequency
domain multiband modulation.
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2.3.2 Experimental Demonstration and Results of Bidiaw Multiband DRoF MFH

The system diagram of the bidirectionaRdF MFH with multiband modulation is
shown inFigure 1&a). In the experiment, for both DL and UL transmission, fouQ?M
modulated DCCs are multiplexed in frequency domain and each ©it€ried by a digital
SRRC filter with a roloff factor of 0.15. The channel separation and baud rate of the DCCs
are 958.3 MHz and 833.3 MHz respectively. Thus, consideringo-8sbit data
compression and 3/4 down sampling, the data rate of each MEG.88 Gbit/s is enough
to encapsulate one 58R-like CC at the sampling rate of 245.76 MHz (8x30.72 MHz)
with I and Q components. Therefore, fowROF bands with a total data rate of 13.3 Gbit/s
could carry compressed higjuality 5GNR-like data at espeed up to 6.4 Gbit/s under

1024 QAM modulation.

The proofof-concept BRoF MFH is composed of one BBRool and two RAUs as
shown inFigure 1§a). The odd and even DCCs are allocated for RAU1 and RAU2
respectively with their offlinggenerated electricapsctra shown idrigure 18b) and (c)
respectively. The DL of the system is based on arDIM architecture. Light from a
distributed feedback (DFB) laser operated at 1551.3 nm is boosted by an erbium doped
fiber amplifier (EDFA) to reach the power of 13 dBAMachZehnder Modulator (MZM)
ELDVHG DW 9 LV XV H-Gand/ BREFRIGNAI® onwy the Kt HAflR XU
km-SSMF transmission, the optical signals are received by photo detectors (PDs) at RAU
sites with the electrical spectrum showrrigure 1§d). The wireless signals from odd and

even bands are recovered offline in RAU1 and RAU2 respectively.
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Figure 18. (a): Experimental system diagram of the bidirectional BRoF MFH with
multiband modulation; (b) and (c): electrical spectra of signals sent from RAU1 and
RAUZ2 respectively; (d) and (e): received electrical spectra for DL and UL
transmissions respectively; (f) and (g) optical spectra of signal and LO lights as
marked in (a) respectively.

Figure 19 EEVM performance versus received optical power for different channel
under (a) DL and (b) UL transmissions. Insets show the selected pegualized CAR
16 constellations with no bit errors.
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On the other hand, because of the impairments induced by combining incoherent
opticalsignals [2], [70], the PTMP UL transmission scheme is more complicated than DL
transmission. Either cosfffective coarse wavelengthivision multiplexing (CWDM)
based Bnd mapping71] or opticatspectralefficient coherent detection schen®][can
be used. It is worth mentioning that the adagesof different UL methods aneot the key
point to be discussed in this manuscript. Coherent detection scheme is usedlin the
experimental demonstration here just to verify the concept as well as feasibility of a
multiband DRoF system. When using the same wavelength, since the phase and
polarization of the frequenegivision multiplexed signals from two independent RAUs are
not correlated, after combination and phdtgection, there are intensity fluctuations due
to phasenoise beating terms and polarization mismatch. Thus, coherent detections are
needed and phase variance on the optical signal | and Q components are ffacked
eliminate the carriefrequency offset (CFO) among the signal lights and the optical local
oscillator (LO), one ECL is split to be used as the LO as well as the light sources for two
5$8V $W HDFK 5$8 DQ 0=0 ELDVHG DW 9gpondivig Xighll& WR PR
onto the electrical field of the light and a polarization controller (PC) is inserted before the
MZM to adjust the polarization state of the light to maximize the modulation depth. Then
the signal lights from two RAUs are combined andgnaitted back to the BB{Pool. The
signal and LO are combined through ad¥yjree optical hybrid and sent to the optical
coherent detector with their optical spectra showkigure 1§f) and (g) respectively.
Coherent signal recovery algorithms are appied the combined signals are demodulated

and decompressed offline with the electrical spectrum shoWwigure 1§e).
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Figure 20. Selected constellations of extracted deompressed 5GNR-like wireless
signals with (a) 64QAM, (b) 256QAM, and (c) 1024QAM.

The experimental results of BER as a function of received optical signal power for
both DL and UL are shown irigure 19a) and (b) respectively. For all the cases, the BER
curves can pass the 7BarddecisionrFEC threshold 08.8E3. In DL transmission, the
receiver sensitivities at the FEC threshold are are@ddl,-23.8,-24 and-22 dBm for
3.33Ghit/s 16QAM signals from Channel 1 to Channel 4, respectively. The BER
performances for the four channels have been balancedgthdigital preequalization.
There are around-dB power penalties after 48n fiber transmission, which are mainly
attributed to chromatic dispersion induced power fading and increased amplified
spontaneous emission (ASE) from the EDFA. In UL transomsshe receiver sensitivities
at BER of 3.8E3 are about25,-23.2,-22.5, and21.4 dBm for Channel 1 to 4 respectively.
The power penalty induced by fiber transmission is around 2.5 dB. The constellations of
25,000 erroiffree DL and UL 16QAM symbols #&er fiber transmissions are shown in
Figure 19a) and (b) with corresponding received optical signal powers ar&uadd-7
dBm, respectively. Less than 7% EVM can be obtained for all the four channels. The
constellation dependent noise distribution ddwbe attributed to the residual phase noise
and nonlinear distortions from the electrical amplifications. After extracting the AxC chips
and performing 8o-15-bit decompressions, the encapsulateeNg&like wireless OFDM

signals with a sampling rate of42.76 MHz can be reconstructed. The selected
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constellations of those 50R-like signals with 64, 256, and 1024QAM are shown in
Figure 2@a) to (c) respectively. Less than 0.58% EVM values have been obtained.
Typically, because of nonlinear distortionsdanoise floor, without the help from
compressed ERoF techniques, such low EVM values and higter modulation formats

are very challenging to be achieved in conventiond®®okx systems after 1m fiber

transmission.

2.4 Novel DataCompression Technologesfor Digital Mobile Fronthaul with Lloyd

Algorithm and Differential Coding

2.4.1 Motivation and Backgrounds

The continuoushgrowing performance requirements of 5G padio (NR), high
speed internet access, and higholution mulimedia entertainment with virél reality
have fostered great R&D challenges for future filvgeless integrated mobile fronthaul
(MFH), where an upgrade of system capacity and spectral efficiency is urgently needed.
The latest 5@G\NR specifications are featured by orthogonal frequeatigigion
multiplexing (OFDM) and higher order of modulations (256 and 1Q24). However,
to bring about desirable operation flexibility and higher spectral efficiency, integration of
these two technologies also leads to several new challenges, such aensgivity to
nonlinear distortionsand increased requirements on higkolution digitato-analog
converters (DAC), which limit the quality and transmission distance of analogaeaelio
fiber (A-RoF) optical networks in MFHIB], [14], [72]. On theother hand, digital RoF (D
RoF) [24], [28], [73 becomes a preferred technology recently. It is compatible with

different formats, which is suitable for 5G NR environment with diverse services and
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spectrum. It also has high immunity to nonlinear distogtidrrorfree transmissions can
be realized when using forwastror-correction (FEC) coding. The shortcoming of low
bandwidth efficiency can also be mitigated with data compresa&n[ 3 and advanced
modulation formats, which makes-RoF as a promisg candidatéo digitally transport
high-quality wireless signals between the baseband unit pool {g&il) and radio access

units (RAU) with increased transmission distance and improved power budgets.

In thissection relaxed Lloyd (RLloyd) algorithm isproposed to further improve the
compression efficiency of RoF MFH supporting 1029AM and beyond in latest 5G
NR specifications. In this approach, traditional Lloyd algorithm is used to determine the
major quantization levels and uniform interpolationajgplied to calculate the minor
guantization levels. An optimal traadf is obtained between computational complexity
andsignal quality. Compared with existing methods such as pdtiaW VDPSOLQJ 3%6
law, and Alaw [73], the quantization noise cée reduced by as large as-dB. Different
from other statistical estimation method&]| Lloyd algorithm is format agnostic and
applicable to noiGaussian modulation formats, like singlarrier frequencylivision
multiplexing (SGFDM). Meanwhile, diffeential pulse code modulation (DPCM) is also
employed in the compression process to further suppress the quantization noise, where a
1.4-dB improvement in signab-quantizatiornoise ratio (SQNR) is achieved. The
proposed technology is experimentally dersivated over a 18Gbit/s coherent optical
fronthaul system encapsulating 64x4d6iz 5G-NR carriers with 1020QAM. The

compression performance under the influence of bit errors is also measured.
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2.4.2 Operation Principles

The operation process of the digitalRsystem is shown frigure 21a). The analog
wireless OFDM waveform is firstly sampled into a discrete signal. Each data sample is
then quantized with 2U levels and coneerinto a binary AxC chip wittv digits. In the
standard of common public radi@terface (CPRI),7 = 15. Through compression process,
each AxC chip is mapped fromdigits to 8digits (8< 7) and the bandwidth efficiency
can thus be improved hy7 F 8)/ 8x 100%. The Lloyd algorithm 74] is based on
minimum mearsquare error (MMSE) derion. It firstly divides the probability density
function (PDF) of the signal amplitudes into multiple segments with the boundaries defined
by the thresholdb Ry Ry.J as shown inFigure 21b). After quantizationthe amplitudes
falling into eachsegment will be quantized as level li. To minimize the MSE between the
guantized and original signafsRy R s and Hare related by

L 3'XF (¥)dx :é f(%) dx (2.10)

and
t Lo, /2 (2.11)

where K 1) is the PDF of sighal amplitudes. The flow diagram efl&yd algorithm is
shown in Figure 21c). Firstly, the quantization thresholds are initiated as
(R4 Ra.... Res54 with uniform separations, where P is the number of major digits.
Then the quantization leveldds, s, ..., lge5) are calculated usingR 4 R4 ..., Ress54)

based on Equatiai2.10). Similarly,( BRs Rs ..., Res55 are subsequenthybtained using
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(Hs Hs ..., He9 and Equatior{2.11). Following the loop as shown Figure 21c), the
guantization thresholds and levels are repeatedly updated based on their counterparts’
former values until the iteration index reacheslin this process, both quantization levels

and thresholds gradually converge to the positions resulting in the minimum MSE between

original and quantized signals.
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Figure 21. (a)— (c) Operation principles of Lloyd algorithm based data
compression;(d): EVM versus number of iterations.
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Figure 22. EVM versus quantization digits when Lloyd method is used for OFDM
and SGFDM respectively.

Given the conpressed AxC chip with V digits, to reduce the complexity of traditional

Lloyd algorithm, RLIoyd method is used whe@&Fout of2! levels are computed using
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Lloyd algorithm first as the major levels a2’ ?® minor guantization levels are
uniformly interpolated betweetd k5. The selection of2and 8is determined by a
tradeoff between the quantization accuracy and convergence speed. The OFDM error
vectormagnitude (EVM) convergence speed when applying different number of major
digits is shaevn in Figure 21d) under 150-8-digits compression (U=15 and V=8). It is
observed that, with fewer major digits, faster convergence speed can be achieved with
fewer number of iterations. When applying 4 major digits (P=4), the converged EVM value
can be btained with 100 iterations. To balance the complexity and accuracy, 4 and 5 major
digits are recommended. The EVM performances of OFDM an&[¥@ radio signals

after 15to-8-digit compression and emmpression are shown kigure 2Za) and )
respectivéy. It is noticed that, compared witRW KHU H[LVWLQJIL®HAKR GV H J
or FSE, RLloyd algorithm can achieve the best EVM performance, especially with a fewer
number of quantization digits. Meanwhile, some methods, like FSE dre specially
designed for OFDM signal with Gaussian distributed amplitudes. Thetp fabrk under
nonGaussian signals, like SEDM. However, the performance of Lloyd algorithm is
independent of the signal’s statistical property. As showrigare 2Zb), good EVM is

still obtained when using Lloyd algorithm to compress-FEIM radio signals. The
required EVM thresholds of 64256, 1024, and 4096QAM are set as 8%, 3.5%, 1.68%,

and 0.7% 28], respectively.

Except from RLIoyd algorithm, another important technigweftirther improve the
signal quality aftecompression is DPCM. Compared with regular pulse code modulation
(PCM), which digitizes the original radio signal x(k), DPCM is used to predict and digitize

the differential signal, e. g{ G F T GF1). The cocept of DPCM is based on that most
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source signals exhibit some correlations between successive samples and through
differential precoding, the correlation induced redundancy can be reduced which enables
representing the information with fewer digits. Taluee the complexity, firsbrder
differentiator is used with the peoded signals denoted @G = TG F UTGF1)

here. In simulations, the value &fis optimized to be 0.6. Two important issues to be
addressed in DPCM are the quantization error in the compression process and decision
error at the DPCM decoder. Those two kinds of errors will be propagated and accumulated
subsequenthfrom the beginningowards the end of the whole frame, which seriously
degrades the quality of the reconstructed analog RF signals. Therefore, a feedback loop

based differential quantizev4] is appliedto mitigate the quantization error transferring
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Figure 23. (a)-(b): System architecture of DRoF transmitter and receiver
respectively in 5GMFH. (c): SQNR as a function of quantization digits when
different coding plus compression methods are applied. eMBB: enhanced mobile
broadband.

2.4.3 Expermental Results and Discussions

The architectures of the transmitters and receiversiob based MFH are shown
in Figure 23%a) and (b) respectively. A simple IM/DD link is set up to test the performance
of compressed RoF link. At the transmitter, one 20Hz LTE OFDM component is

sampled with a resolution of ddigit/sample at a sampling rate of 30-WHz. Then
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DPCM or PCM encoders integrated with Lloyd based quantizers are used to convert the
guantized samples into binary AXC chips. AtbS3-bit map isused to compress each AxC

chip from 15bit/chip to 8bit/chip. The compressed AxC chips are interleaved and mapped
into NRZ symbols. At the receiver site, a set of reversed procedures is used to reconstruct
the analog components from decompressing theatligignals. The recovered analog
component carriers will be sent to wireless antennas in RAUs. The EVM performances of
the recovered analog signals are compared between DPCM and PCM encoded schemes. It
is observed that, if DPCM is used instead of PCMglearound 14B improvement in

SONR, which is estimated a&83 04N1/ '8/ 8. Compared with partial bit sampling

(PBS) with loworder digits directly removed, around @IB gain in SQNR is obtained

when combining DPCM with Lloyd algorithm.

Figure 24. (a): System diagram of highcapacity digital MFH based on coherent
transmission technology. (b): BER versus received optical power. (c): EVM of
recovered wireless signal under the influence of bit errors. BPD: balanced

photodetedor.

A 5G-NR compatible digital MFH link based on coherent optical transmission
system is shown inFigure 24a). 5GNR-lke OFDM symbols are digitized and
encapsulated into AXC chips, which are interleaved and packetized-Rtd-Drames. A
duatpolarizaton 1Q modulator (DAQM) is used to modulate four streams ofRDF
signals for | and Q tributaries on both polarizations based on QPSK modulation formats.

After 80-km SSMF transmission, the signals are fed into the coherent receiver and then
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followed by a4-channel reatime sampling oscilloscope before applying offline digital
signal processing for signal recovery. QIPSK with 128 and 180Gbps data rates are
applied, which can encapsulate 48 and 64¥6{x 5G-NR-like OFDM components with

1024 QAM respetively. The BER performance of DRPSK and selected constellation

of recovered OFDM signal with 0.46% EVM under etfie coherent transmission are
shown inFigure 24b) and (c) respectively. The quality of the recovered OFDM signal
under the influence dfit errors is also tested as showirigure 24c). It is observed that,
because of error transferring issue in differential decoding, DPCM is more sensitive
towards the bit errors than PCM methods. It is expected that the issue can be mitigated by
applying ReedSolomon FEC coding (RBEC 528/514) according to CPRI specifications

and it will be studied in our future work.

2.5 Summary

In summary, we have demonstrated two critical technologies including flexible data
compression and multiband modulation for ioyang the TE, flexibility, and mukRAT

compatibility in nextgeneration MFH networks.

In order to achieve efficient data compression, a -HSE based algorithm is
proposed, which is based on Gaussian amplitude distribution in OFDM signals and using
TFGIXQFWLRQ ERXQGHG E\ WR .1 WR DSSUR[LPDWH WKH
WR WKH H[LVWLQJ GDWD FRPSUHVYV LR, AWM JdWEXHYV V XF
guantization error and high computational efficiency have been achieved. Furthermore,
through combining data compression,sampling, and advanced modulation formats, the

TE of an MFH network is significantly boosted. In the experimental demonstration of a
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25-Gbit/s IM-DD D-RoF based MFH over 20bm SSMF transmission, 54 20Hz LTE-

like CCs ae encapsulated and TE is proved to be improved by around 5 times compared
with existing CPRI based scheme. Meanwhile, high transmission quality is realized that,
for 8-to-15-bit decompressed LTE signals, 0.56% enrector magnitudes (EVM) and 23

dB systen margin below the 6QAM EVM threshold are obtained.

In addition, a frequenegomain multiband multiplexing based-RoF interface is
proposed to upgrade existing tirdemain interleaving based scheme. With multiband
multiplexing, different DCCs don’t need to be interleaved by the same sampling clock thus
improving the flexibility and multRAT compatibility of the MFH. Multiband modulation
also enables PTMP UL transmission because it does not require strict synchronization
among distributed RAUs when using digitdlered CAP modulations. A proadf-concept
experiment is conducted over a bidirectional MFH with a symmetric capacity of 13.3 Gbit/s
which is able to deliver 6:&bit/s fourband 5GNR-like signals with 1024AM
modulation between BBPool and two RAUs. Good BER performance and {gjgality
constelations of 64, 256, and 1024QAM are achieved which shows that, superior to
traditional CPRI or ARoF based schemes, highly compressed multibardoP
technology can also be a desired option for future fotraatsparent higlesapacity MFH

supporting 5G\R systems.

Moreover, ve have alsodesigned, for the first time, the combinational data
compression algorithms based on both Lloyd algorithm and DPCM to improve the SQNR
and bandwidth efficiency inIRoF systems for nexgeneration 5@\R-compatible digital
MFH. With 8-digit quantization, the proposedRoF link is capable to support-tp 4096

QAM OFDM or SGFDM formats with up to 6-2B SQNR improvement. In addition, 128
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and 1806Gbps highcapacity MFH links based on coherent transmission technology have
been demonstrated for transmitting 48 and 64xMI9z 5G-NR-like OFDM components,

respectively, with higtorder 1024QAM format.

60



CHAPTER 3. MULTIBAND CAP MODULATION FOR
SPECTRAL EFFICIENT D ATA MULTIPLEXING IN MOBILE

FRONTHAUL WITH ADVANCED DIGITA L FILTER DESIGN

In this chapter to the first time, we demonstrate an oHAM carrierless
amplitude and phase modulation (OQABAP) technique for spectral efficiemtultiband
mobile fronthaulsystems. In comparison with traditional QAM based CGA#itiband
modulaton, the digital filter for each channel in OQA®AP can be adaptively redesigned
to obtain either higher spectral efficiency or lower computational complexity. Two kinds
of digital filters, namely, squaneot raisedcosine (SRRC) filters and isotropic leogonal
transform algorithm (IOTA) based filters, are studied and applied to shape the frequency
window of each channel imultibandsystems. We compared the performances among
SRRCOQAM CAP, IOTAOQAM CAP, and traditional SRRQAM CAP. It is
experimentalf demonstrated that SRROQAM-CAP can achieve higher spectral
efficiency, IOTAOQAM-CAP can obtain higher computational efficiency, and SRRC
QAM-CAP can be used in uplink transmission with lower hat@nnel interference.
Bidirectional experiments are aduncted with around-&Hz nine aggregated channels on
60-GHz optical millimeter wave. Less than 7% error vector magnitudes are realized over

15-km standard singlenode fiber and 1-5n wireless channel.

3.1 Introduction of Multiband Modulation in Mobile Fronthau | Networks

The continuous growth of demands in ubiquitbigh-speedwireless services has

triggered thenvestigation of next generation high capacity radio over fiber (RoF) systems
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[79], [76]. Meanwhile, millimeter wave (MMW) technologies have alreadyenbe
standardized in emerging wireless local access network (WLAN) protocol IEEE 802.11ad
[77], and 28GHz or 38GHz bands are very hopeful to be applied for future fifth generation
(5G) mobile data network7B]. Thus it can be forecasted that MMW RoF systecan
become a strong candidate in fibereless integrated mobile fronthaul network to provide

multi-band, multiservice, and muliiser access solutions in the near future.

To meet these goals, one of the key enabling techniques to increase the system
capacity as well as scalability is to densely aggregate multiple siagler channels with
advanced modulatioformats and digital filtering techniques. Tremendous works have
been done in this regime including quadrature amplitude modulated -dassi@mplitude
and phase (QAM CAP) modutd multiband[67], [79], Nyquist wavelength division
multiplexing (NWDM) or frequency division multiplexing (NFDM) [49], [80], [81],

Nyquist super chann€@NSC) generationd2] - [57], and quadrature duobinapyocessing

(QDP) 58], [59].

However, in QAM CAP and NVDM, raisedcosine(RC) or squargoot raised
cosine (SRRC) filters are typically used in pulse shaping of each channel to eliminate the
undesired oubf-band power leakage. Nevertheless, there arakissues if RC or SRRC
filters are used with traditional QAM modulation. Above all, the bandwidth occupied by
each channel is beyond Nyquist bandwidth. If we useRolll IDFW R U WR PHDVXU
between the excess bandwidth and the Nyquistvemltiol the spectral efficiency (SE) will
be reduced by a factor @f (1+ . Furthermore, in real implementations on digital
domain, the pulse shape of a filter is truncated and digitized to generateniipitise

response (FIR) filter taps. When the rcated time span is increased, the frequency
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response of the digital filter approaches its ideal shape at the expense of increased number
of taps and computational complexity. However, wHéis small, e. g.U= 0.25, the
truncation with insufficient tira duration willresult in large oubf-band sidelobest)]

which will leak into the adjacent channels thus degrading the digtatlerferenceplus

noise ratio (SINR). On the other hand, the schemes based on NSC or QDP can approach
or even be claimed taxeeed Nyquist limit §1]. However, they require adaptive filtering

as well as differential coding and decoding processes which adds to the complexity, delay,

and cost at the transmitter and receiver sides.

Figure 25. Power spectrum and timefrequency lattice structure of (a) QAM CAP
multiband with rectangular filtering; (b) OQAM CAP with only one subset of lattice
points; and (c) OQAM CAP with staggered four subsets of lattice points.

In this chapter, we propose tsauisotropic orthogonal transform algorithm (IOTA)
basedilters [5]], [82] and SRRC filters with large rediff factors as the frequency window
of each CAP channel arapplying offset QAM (OQAM) modulation in an RoF system

supporting multiuser and multiservice. In comparison with traditional QAM CAP

63



multiband modulation, experimental results demonstrate that higher SE with lower
computational complexity can be achievaddownlink (DL) transmission. When IOTA
filters are used, SE can be improved by 9% with 5085% less number of filter taps.
While slow-decaying SRRC filters are used withe 0.5, SE can be improved by 12%

with 30%- 70% less number of taps. Howeveaditional QAM CAP can still be used in
uplink (UL) transmission because the adjacent channels are isolated with each other and
they do not require strict synchronization. Proétoncept experiments are conducted on

a bidirectional intensitynodulation/drect-detection (IM/DD) RoF testbed. The testbed
operates with an MMW frequency around 60 GHz. Bidirectional transmissions of 2.25
GHz 9 aggregated channels modulated with quadrature phase shift keying (QPSK) and
16QAM are realized over 1&m standard sirlg-mode fiber (SSMF) and 1% wireless

channel.
3.2 Fundamental Concepts and Principles

In traditional multiband CAP modulation schemes, the transmitted signal can be

derived as

X(t) Rei':n: kﬁ((n)p((t nT) 01/4
: L {1(MRe[p(t n] Q(HIm[ ('t nJT}’

nl

(3.1)

Where Gs the channel index¢) J is the J‘?Ucomplex data symbol modulated on the
GYarrier with its real and imaginary parts denoted+fs) and 34 J respectively;
L{ P= L PA® Weis the pulse wonverted by theG carrier at the frequency dg;

L( B is the pulse of the selected prototype filters; &nslthe symbol duration. I J) is
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a QAM symbol, in order to recover the signals without contamination from the adjacent
symbols, matched filtering demodulation technique is used Lané should meet the

orthogonalitycondition as 83]

3: p(t mDp(t nHdt G & (3.2)

where * denotes a complex conjugate operation. Defthé B F B,(1 F J 60=
i?>ﬂﬂ L{ PF 16) L{ PF J6§ @4 the ambiguity function of the filter's timesponse

L( B and consider a QAM modulatedultiband system using rectangular filters with
multiple channels centered &= G (G= 0,+1,+2,... Then U can be mapped onto a
time-frequency phase space as showrFigure 2%a), where the unit latticer@a is
¢lséd= 6 (= 1. Because of the orthogonality definedBquation(3.2), after matched
filtering, the QAM symbols carried by pulses at one lattice point is free from the

interference generated by the symbols at the other points.

However, except fronthe filters with ¢i5¢3= 1, like rectangular filters, there

exists another set of filters which satisfies the relaxed orthogonality condition with

ledd= 2as
f *
3f Pyt mT) py(t nHdt G 7, (3.3)

and the extreme points of its ambiguity function are depicte#fignre 2%b). The
relaxation of the orthogonality condition loosens the criteria in filter design and enables us
to use new types of prototype filters. Although the lattice density of ssigdtem is halved

in comparison with that ikigure 2%a), byapplying lattice staggering]] in combination
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with OQAM modulation, the SE can be even higher. The simplified concept of lattice
staggering is illustrated ihigure 2%c). By duplicating and stiing the lattice points shown

in Figure 2%b), we achieve a timfrequency lattice space with a unit lattice area of
¢17¢8& = 05 as shown irrigure 2%c), which is composed of four subsets of lattice points
highlighted as red, yellow, blue, and greenpose thatl( I is an even function, i.

e., U P= L FP;, the modified inner products between red and yellow, red and blue, as

well as red and green subsets can be derived as
f . 2k .20 *
3f Re j“pyt mT) Im % p,(t nT T2)dt C (34)

2l

f . . *
3 Re j*put mT)Re [” g ¢ nT)d ( (35)

3/ Re j*py t mT)Im 7 g, ¢t nT T2)dt 0 (36)
Equation (3.3) to (3.6) demonstrate that although the lattice density is doubled by
introducing four subsets of lattice points on tifrequency phase space in comparison with
that shown inFigure 2%a), the real or imaginary portions of the filters located on these
points carstill be orthogonal with each other, which enables us to design the new OQAM

based CAP modulation format.

In OQAM CAP multiband modulationthe transmitted signal can be expressed as

{I(MRe[j“p,(t nT)]

t I 1
O “ Q(MIm[p(t nT T/2%"

(3.7)
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where  J and 34 J can be recovered by using modified inner products defined in
Equation(3.3) to (3.6). In comparison with QAM based CAP modulation demonstrated in
Equation(3.1), there is ad 2 timing offset between the 4phase @ and quadratureJ)
companents which is in accordance with the definition of OQAM. Meanwhile it is worth
noting that, in traditional QAM CAP modulation indicated by (1), each puls®F J §

can carry one complex QAM symbol witkand 3 components on its real and imaginary
portions respectively. Howevein OQAM CAP modulation scheme, each pulsky PF

J§ or L{ PFJG6F &2)) can only carry one reahlued pulse amplitudmodulated
(PAM) symbol which contains half the information content compared with one QAM
symbol. Thus although the lattice density of OQAM CAP is doubled in comparison with
that of QAM CAP, their quantities of information per unit area on the- tisguency phase
space are the same. Nevertheless, as we will discuss in the following parts, in yhysical
realizable systems with batlichited filters, OQAM CAP modulation is more spectral and
computational efficient since it is built upon a relaxed orthogonal system which allows

spectral overlap between adjacent channels as shoigure 2%c).

Based orEquation(3.1) and(3.7), the digital signal processing (DSP) block stacks
of the transmitter and receiver for conventional QAM CAP and the proposed OQAM CAP
modulation schemes are shownFigure 26a) and (b) respectively. The QAM CAP
modulation is initated by mapping the original bits to symbols @AM, and then the
mapped symbols are tgampled to match the sampling rate of the shaping filter pairs. Next
the upsampled symbols are convoluted with digital filters where the discrete tap gain
coefficierts are generated by digitizing the baseband time respigrienixed with a

carrier component,(( B) = exp( B €B . Consequently, symbols from channel 1 to
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channel K are pulsshaped and uponverted to equally spaced intermediate frequencies
(IFs)located fromBto B. After convolution, different signal bands are combined and fed

into the digital to analog converter (DAC) before sent to the RoF tiaasm

Figure 26. DSP blocks of generation and reception for CAfPnultiband modulation
based on (a) traditional QAM and (b) OQAM.

At the receiver site, the analog signals are firstly @aanpled by an analog to digital
converter (ADC). A group of matched filter pairs are applied to doanvert the signals
and remove thir outof-band noise before dowsampling and QAM denapping. The up
sampling and dowssampling operations in the transmitter and receiver shoviigimre
26 are done by interpolating and deletif@ F1 samples in every symbol period
respectively. It is wadh noting that in both QAM and OQAM CAP modulation schemes
the real and imaginary parts of the complex filter taps are separated to filtearithe3
signal components respectively as indicateBquation(3.1) and(3.7). For OQAMCAP
multibandshown inFigure 2@b), the signal generation and reception process is similar to
that shown irFigure 26a) except that a periodic haéfphase shift factorP, is multiplied
to L( fPand a @ 2 timing off-set is introduced between thand 3 components which are
consistent withEquation(3.7). In comparison, within each baneand 3 parts of QAM

CAP multibandare synchronized without timing edet.
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3.3 Design and Comparison of Digital Filters Used irCAP Multiband

Since multiband CAP modulationwtiles the whole available spectrum into several
subbands and uses filters as well as matched filters with orthogonal waveforms to separate
data streams from different sblands, the digital filters need to be carefully designed and
engineered. In this pap, we mainly focus on studying three categories of filters: fast
decaying SRRC filters, slowecaying SRRC filters, and IOTA filters. The first one is used

in QAM CAP and the latter two are used in OQAM CAP.

3.3.1 Introduction of IOTA Based Filters

IOTA targetdo generate a set of filters which preserves the optimumftegeency
concentration property of Gaussian filters, and to modify them to satisfy the orthogonality
condition inEquation(3.3). As we know, one interesting property of Gaussian filter ts tha
the time respons& P and its Fourier transform( B maintains the same shape with an

axis scaling factog which can be modeled as

a(¥/ V vG( ¥ (38)

Although Gaussian filters have the best localization property compared to other filters and
they decay fast iboth time and frequency, they do not satisfy the orthogonality condition
given inEquation(3.2) or(3.3) [84]. However, based on IOTA, we cande the Gaussian

filter to satisfyEquation(3.3) and meanwhilenaintaining its timefrequency concentration

property.
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Define és a, and a”%as the orthogonalization, Fourier transform, and inverse
Fourier transform operators respectively. When they ppéieal to a particular function,

we obtain the following relations:

o —2 39)
Vall Ixu k)
xt) 3 x(he'?Tdt (3.10)
X(f) 3 X(HeSdf, (3.11)
Then the orthogonalization process for Gaussian filtexpsessed as
p(y Yo ). (3.12)
After orthogonalization, given ¢iséd=05 , null points at a=

+18i,,+280,,+ 3081, . .andi= + 183+ 203,+ 384, ...will be introduced in its
ambiguity functionU 4 § 1). Therefore, the unit lattice aregd , ¢8= 17,4 = 2, and

by applying timefrequency scaling transform, it can be proved thap satisfies the
relaxed orthogondl condition given irEquation(3.3). The frequency and time responses
among IOTA, Gaussian, and SRRC filters @affl factor = 0.5) are compared Kigure
27(a) and (b) respectively. It is observed that there is a-wHdeetween localization in
time and frequency domains for SRRC filters. Howewsth IOTA and Gaussian filters
yield isotropic response in time and frequency with optirratigcentrated distributions.

Gaussian filters decay faster than IOTA filters but, with periodic notches on its time
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frequency response, IOTA filters fulfill Nyguisorthogonal criterion after matched
filtering. Onthe other hand, it is shown that while SRRC filters have higher immunity to
the dispersions in time domain, Gaussian and IOTA filters yield a better balance in doubly

dispersive channel83].

3.3.2 Time and Frguency Responses of Miltand CAP Systems Using SRRC and IOTA

Filters

A multiband QAM CAP system with a tirrfeequency grid shown ifigure 2%a)
reaches theo-calledNyquist limit [61] with a maximal SE for intesymbol interference
(ISI) and interchamel interference (ICI) free transmissions. However, such a limit is
difficult to be obtained in traditional NVDM or N-FDM systems because it requires the
use of rectangular filters which are physically unrealizable. In a typical system with SRRC
filtering, the roltoff coefficient Uwill reduce the SE by a factor daf/ (1+ U and the

strict orthogonality condition is thus adjusted to

3 p(t mTE(t nndt

3: pt mT)p(t nm &' g (3.13)
@ o7

For example, in standards of IEEE 802.11ad and IEEE 802.16IBoff factor of
SRRC filters can be set to 0.25 in sing@rier modulationsgs]. It is worth noting that
when Uapproaches 0, the SE also approaches Nyquist limit, but spehisirectangular
filter requires an infinitely large number of taps whiefll tremendously increase the
computational complexity at DSP part. However, the above issue can be resolved by

loosening the orthogonality condition froEguation(3.2) to (3.3) and applying OQAM
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modulation. It can be proved that both SRRC and IOTAerSltsatisfy the relaxed
orthogonality condition irfequation(3.3), which indicates either of them can be used as a

prototype filter to build an QAM based multiband CAP system.

Figure 27. (a) Frequency and (b) time responses ¢®TA, Gaussian, and SRRC
(roll -off factor = 0.5) filters.

Figure 28. Spectral and time responses different signals.

Figure 28a) to () compared the frequency and time responses of SRR,
SRRCOQAM, and IOTAOQAM multiband CAP As shown inFigure 28b), envelopes
of +and 3 components are exactly coincided in SRREBM system, while they are
interleaved byd 2 under OQAM schemes as showrfrigure 2§d) and (f). The advantage

of SRRCGQAM lies in that there is no overlap bewveadjacent channels, as shown in
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Figure 28a), which extinguishes it as a promising modulation format for uplink
transmission. Because the channels used by different users are isolated with each other
without crosstalk and they don’t need to be striciiychironized. SRR@QAM CAP can

also achieve high SE with a small roff factor at the expense of greatly iaased

computational complexity.

Figure 29. (a) Truncation of digital filters and its effect on (b) fastdecaying SRRC
filters, (c) slowdecaying SRRC filters, and (d) IOTA filters.

Nonetheless, as shown kigure 2§c) and (e), the adjacent channels in SRRC
OQAM and IOTAOQAM can be overlapped and the interference can be cancelled out by
applying Equation(3.4) to (3.6) when signals are synchronized with a h@hase shift
between the adjacent bands. OQAMP systems do not require filters with a fast decay.
Thus IOTA or slow-decaying SRRC filters with a large raiff factor (e. g.U= 0.5) can
be used as the windofenctions to generate the densely aggregated channels operating at
Nyquist limit. In the following partst is demonstrated that, when IOTA or slalecaying

SRRC filters are used in OQAMAP multiband the required number of filter taps can be
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reduced, with significantly increases the computational efficiency (CE) and meanwhile

maintaining a high SE.

3.3.3 Truncation Effect and Its Influence on MtlBand System

In real applications, the time response of the digital FIR filters cannot last infinitely.
As shownin Figure 28a), the pulse shape has to be truncated fFfodg s ¢ 4810+ Oc 5646
where O 5 ¢ 418 a positive real number. However, the truncation of SRRC filters results in
strong ouwtof-band side lobes in frequency domain as showkigare 28b) and (c). It is
observed that the side lobes become stronger Whgrdecreases. As shown kigure
28(b), given a roloff factor of 0.2, the normalized power of the first order side lobe
increases from51 dB t0-25 dB whenO, 3¢ 4i§ reduced from 12 to 2. However, those
undesired sidelobes grow much slower with stbezaying SRRC filters = 0.75) as
shown inFigure 2&c). To control the oubf-band leakage, a larg@.s¢ i required
especially whenUis smal, which on the other hand, increases the number of taps and
reduces the CE. However, because of the fast decay in both time and frequency domain,
IOTA filters are insensitive to truncation effect. As showrFigure 28§d), no side lobe

higher than100 dBis observed whe 5 ¢ 41§ reduced from 12 to 2.

Suppose the window functiavit) used for truncation is a ¢tangle which can be

written as

_1 NtrunCT dt dNtruncT

w(t) )
otherwise

, (3.14)

with its Fourier transform as
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W(T)  Nyune TSINC(Nyyne T 1) . (3.15)

Then the truncated pulsg, 5 ¢ {dp is obtained by multiplyingS( [ with the original pulse
A R in time domain which corresponds to convolution egiiency domain as follows

[60]:
Htrunc( f) ?If H ( MN( f M ) (316)

where *.s¢{ and *(B are the frequency responses @ a:4{df and 2 P
respectively at Channel A. Given an adjacent channel B with the frequency response as
)caeddBF (); then the normalized power of the intdrannel crosstalk (ICC) leaking

from Channel A to B after matched filtering can be deduce@@s [
f .
I:3:rosstalk 3f Htrunc( 1:)Gtrunc( f F) éz mdf . (3.17)

Equation 8.15) to 3.17) could help us qualitatively analyze the results from truncation

effects which are demstrated in the following parts.
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Figure 30. (a) Experimental setup to study truncation effect on digital filters. (b)—
(d) Electrical spectra of SRRGQAM, IOTA -OQAM, and SRRC-OQAM CAP
respectively.

Simulations and experiments are conducted to study the signal quality degradation
resulted from truncation induced ICC. In the simulatifmngoth QAM and OQAM CAP,
nine bands are aggregated from 0 to 3 GHz and the symbol rate for each/b§ns 250
MHz. The separations between the adjacent bandd arel)/ 6and1/ 6for QAM CAP
and OQAMCAP respectively. QPSK is applied and the digoanoise ratio of the system
is set to be 24dB. The simulated ervectormagnitude (EVM) performances of the
received signal are shown figure 31a) to (c). As indicated in (15) and (16), the main
lobes in 9 ( B becomes stronger with a smallegse 4 ¢ Which thereby increases the span
of *.aedd. Consequentlythe overlapping region between. s {d) and ) cse {BF
() becomes larger. Thus, in general, the EVM performances for all the scenarios are
deteriorated with a shottuncation length. As shown iRigure 31a) to (c), because of
larger pulse durations in the time response;dastiying SRRC filters with a small roll
off factor are more vulnerable to truncation effect in both OQAM and QAM cases.
Meanwhile, given the sae rolloff factor, the EVMs of OQAM CAP are slightly worse
than that of QAMCAP, which is attributed to the smaller channel separations in OQAM

CAP. Nevertheless, among all the cases, IG0@AM CAP can achieve the best EVMs.
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The EVM penalties are insigisant even with a truncation length less tha2b 6 To
achieve a small EVM less than 5%, IOT?QAM CAP, SRRGOQAM CAP with U=
1.0, and SRREQAM CAP with U= 0.2 require truncation lengths of at leds25 6,
1.75 6§ and4.25 6respectively, while th6&RRGQAM CAP will also reduce the SE by
20% (U= 0.2). It is worth noting that the ripples of the curves showRigure 31a) to

(c) are resulted from the integration of the sinc function8.it6) and 8.17).

An experiment with the setp shown inFigure 3Qa) was conducted to study the
transmission performance degradation resulted from truncation effect. Three modulation
formats are compared in the experiment, namely, the SBRKI CAP (U= 0.08, 0.12,

0.2, and 0.3), IOTAOQAM CAP, and SRREOQAM CAP (U= 0.25, 0.5, 0.75, and 1.0).

For all the scenarios, nine bands are aggregated witiME&Obaud rate for each band. At

the central office (CO), light is firstly modulated by a@6iz MachZehnder modulator
biased at minimum intensiyutput pant to generte opticalcarriersuppressed (OCS) two
tones with 66GHz spacing. Then the secesthge MactZehnder modulator (MZM) is
guadrature biased to modulate the multiband CAP signals onto the lights. Aken 15
standaresinglemodefiber (SSMF) transmission, &he remoteaccesaunit (RAU) site,

one of the two sidebands is filtered out by an optical filter, and the signals carried by the
remaining sideband are directly detected by a photo detector (PD). By doing this, we avoid
the extra penalties from chromatispersion after fiber transmission as well as electrical
nonlinearities in 68GHz detection, amplification, and doveenversion processes, which
could distort the results of comparisons. The electrical spectra of the-QRRIC( >=

0.2), IOTA-OQAM, andSRRGOQAM CAP ( >= 0.5) signals before transmission are

shown inFigure 3@b) to (d) respectively. When the channels are densely aggregated at
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Nyquist limit, the 26dB bandwidths occupied by IOFRQAM and SRREOQAM CAP
modulations are reduced by at lea% @nd 12% respectively. At the receiver site, after
matched filtering and digital doweonversion, drequencydomain equalizer (FDEB[/]

is applied to eliminate the ISl resulted from the chromatic dispersion and electrical
filtering. The equalizer coeffients are estimated using minimumeansquareerror
(MMSE) algorithm with training sequences. The measured EVMs versus truncation
lengths are shown fRigure 31d) and (e) where the colored dots represent the experimental
results and the dashed curves fited from the corresponding simulation results. It is
observed that the experimental results are perfectly matched with the simulation results

which further verifies the above theoretical analysis.

Figure 31. EVM as functionsof truncation length: (a)—(c) simulated results and (d)
(e) experimental results.

From both simulated and experimental results, it is demonstrated thatQQPRM
and slowdecaying SRREQAM CAP are spectral efficient and insensitive to truncation
effects.Given the same EVM performance, they require much shorter truncation length
with less number of filter taps than traditional SRREM CAP scheme. To guarantee an

EVM of 0.05, in comparison with SRRQAM CAP ( U= 0.2 ), SRRGOQAM CAP with
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U= 1.0 and IOTAOQAM CAP can reduce the number of filter taps by 58.8% and 70.6%,
thus leading t@.4-fold and 3.4fold increases respectively in digitBitering CE which is
inversely proportional to the size of the digital filters. Furthermore, there isladfia
between SE and CE under different -@fl factor U Each CAP band could become
narrower with a smalletJat the expense of more filter taps as well as higher computational
complexity. Typically, IOTAOQAM CAP has the highest CE but less SE thRRG
OQAM CAP. Furthermore, in real systems, it could be possible to adjustlitadf factor

and truncation length of the digital filters in a softwdedined network to optimize the
throughput, system delay, and power consumpansidering differentime, services, and

users.

Figure 32. (a) Bidirectional RoF transmission experimental seup. (b)—(d) Electrical
spectra of IOTA-OQAM CAP for DL, SRRC-OQAM CAP for DL, and SRRC-
QAM CAP for UL respectively.

3.4 Bidirectional Transmission Experimental Setup and Results

Figure 3Za) shows the proeadf-concept RoF testbed to demonstrate the bidirectional
transmission performance of the proposed modulation formats. The testbed is composed of

one CO, one RAU, and one user equipment (UBEniteal. It is assumed that high
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performance digital signal processors and computing machines are located at the CO site,
which is able to generate largpandwidth, synchronized mubiand CAP signals. Thus
IOTA-OQAM and SRREOQAM CAP signals could be usedDL because they are more
spectral and computational efficient meanwhile requiring strict synchronization between
adjacent bands. On the other hand, since there is no overlap between adjacent channels in
SRRCGQAM CAP, different users using different bardtsnot need strict synchronization

which makes it a qualified candidate for UL transmission in this experiment.

The roltoff factors are set to be 0.5 and 0.2 for SRBQGAM and SRREQAM
CAP modulations respectively and the truncation lengthg éré 6 and8 dor scenarios
of IOTA-OQAM, SRRCOQAM, and SRRE&QAM CAP respectively. IM/DD scheme is
applied in both DL and UL transmissions as showRigure 3Za). For the DL part, one
DFB laser working at 1550.1 nm is used as the light source-@GHHOMZM biased at the
minimum intensityoutput point is used to suppress the central optical carrier. Two optical
side bands with 6GGBHz separation are preserved. Nine OQAM CAP channels with center
frequencies at 0.5, 0.75, 1.0, 1.25, 1.5, 1.75, 2, 2.25, and Z%@Henerated and sent to
Tektronix 7122C arbitrary waveform generator (AWG) with a sampling rate of 8 GSa/s
and symbol duratiofis of 4 ns. An intensity modulator is used to modulate the signals onto
the light. An erbiurdoped fiber amplifier (EDFA) issed to boost the optical power thus
compensating the transmission loss. Afterkio SSMF transmission, the optical MMW
signals are detected by a U2T-G@GBiz photodetector (PD). A pair of horn antennas with
25-dBi gains is used to deliver and receive the WMignals. The wireless transmission
distance from the RAU to the UE terminal is set to be 1.5 m. Within the UE terminal, a

MMW mixer is used to dowsgonvert the signals before they are received by a digital scope
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and processed offline. The received eleatrspectra of IOTAOQAM and SRREOQAM
CAP are shown irFigure 3%Zb) and (c) respectively. Pexjualization is applied to

compensate the chromatic dispersion induced power fading after fiber transmission.

The UL transmission is initiated by «gonvertingthe baseband SRRGAM CAP
signals onto the MMW with a 6GHz local oscillator (LO). A pair of horn antennas is also
set up to transmit and receive the®Blz signals over 1-fn wireless channel. It is worth
noting that, limited by the response bandwidtthefenvelop detector (ED), only five CAP
bands are generated for UL transmission with central frequencies at 0.6, 0.9, 1.2, 1.5, and
1.8 GHz. After dowrconverted by the ED, the signals are amplified and then modulated
onto the light by a 1@GHz intensitymodulator. After 18km SSMF transmission, the
signals are detected by a-GHz PD and demodulated offline. The electrical spectod

the UL SRRCQAM CAP signalis shown inFigure 3Zd).
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Figure 33. Measured EVM versus receivedaptical power for odd and even channels
in: (a)<(b) DL IOTA -OQAM CAP; (c)—(d) DL SRRC-OQAM CAP; and (e)«f) UL
SRRC-QAM CAP.

QPSK and 16QAM modulation formats are applied in both DL and UL with their
EVM performance shown iRigure 3%a) to (f). For all tle cases, clear constellations with
less than 7% EVM can be achieved. In DL scenarios, less than 8% EVM can be obtained
with received optical power o022 dBm and-20 dBm with and without X&m fiber
transmission respectively. In UL transmission, the paiwessholds to achieve 8% EVM
are around21 dBm and19 dBm with and without fiber transmission respectively. The 2
dB power penalties are mainly induced by propagation attenuation and chromatic
dispersion induced phase mismatch between thel8Bseparate optical two tones. The
EVM differences between DL and UL may be resulted from the different sensitivities of

the PDs and different noise figures and nonlinearities of the electrical amplifiers.
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3.5 High-Capacity Tier-Il Fronthaul Network with SSB-DD Multiband

OQAM/QAM -CAP

3.5.1 Motivation and Backgrounds

The explosive growth of massive connectivity and traffic throughput in 5G wireless
poses a great challenge ftgveloping nexgeneration mobile fronthaul (MFH) networks.
Moreover, recent progresses in functiegallt [72] and mobile edge computif§8] may
bring revolutionary changes which force us to rethink about today’'s MFH technology. To
reduce the latency and make fast response kay deensitive services, mobikzige
computing (MEC) enhanced distributedits (DU) are introduced between central unit
(CU) and remote radio systems (RR®J], which greatly increases the data traffic in-tier
Il fronthaul network as shown iRigure 34 Evenwith functionalsplit, more than 100
Gb/s MFH technology is still ian urgent need to support-100 times increase in future

wireless throughput.

Recently multiband CAP modulation draws attention from researchers for its good
transmission performance and better flexibility comparable to ANhe bit/power
loading algorihm is simpler than discrete multine (DMT), which needs to adjust every
subcarrier. 107 %&b/s multiband CAP over multhode fiber with VCSEL is proposed
[89] but the distance is limited to 100 m. 4x1G0/s WDM based multiband CAP systems
are also reped[47], [79]. However, the bandwidth and transmission distance are limited
by intensitymodulation anddirectdetection (IMDD) scheme. Moreover, the spectral
efficiencies (SE) of the above QAM based CAP systems are reduced by a fddtdr of

0, whee Uis the roltoff factor. They are also vulnerable to truncation effect thus
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requiring a large number of filter tapshich complicates the DIB8]. On the other hand,
off-set QAM (OQAM) multiband modulation attracts academic interests recently. OQAM
allows adjacent channels to be overlapped without interference, which avoidsf roll
factor induced reduction in SE. The orthogonal condition of matched filtering is also

relaxed which allows using filters with larger rolff factors and less number of &69].

[ b
— E
[ b T

Figure 34. Architecture of proposed mobile fronthaul system. DU: distributed unit;
RRS: remote radio system

In thissection we demonstrate a 20/0n 128Gb/s MFH system as a high capacity
data link between CU and DUs based on sksgde-band and direetletection (SSEDD)
OQAM-CAP. Compared with traditional QAMLAP, higher SE and better transmission

performance are obtained. The required number of filter taps is also reduced by 50%.

3.5.2 Operaton Principle

The conceptuadiagram of the proposed MFH is shown kigure 34 Edge
computing is a promising technique enhancing 5G N8}l By penetrating computing
resource at DUs closer towards users, the processing delay can be reduced and meanwhile
high-speed data links as TilrMFH connecting CU and DUs areeded. At the CU, data
streams are generated and multiplexed to corresponding CAP bands allocated for different
edge nodes. By utilizing CAP, the complex dynamic timing slot allocation amales no

a traditional TDM system is eliminated, which further reduces the latency.
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Figure 35. Transmitter DSP blocks of (a) QAM- and (b) OQAM-CAP.

The transmitter DSP stacks of QAMINd OQAMCAP are shown idrigure 3%a)
and (b) respectively. The QAIZAP is initiated with mapping the PRBS streams into
QAM symbols. After oveisampling, the samples are convoluted with the digital filter
pairs. Then signals from differert 3branches are combined and sent to the ditpta
analog converters (DACs). For OQABIAP multiband the algorithm process is similar to
that of QAM-CAP. It is worth noting that a periodic haéfphase shift factor is multiplied
with the intermediatérequency (IF) carriers and a halymbol duratiortiming offset is
introduced between the | and Q components for OQAM signals. The order of the receiving
DSP stacks is reversed compared with transmitter parts where a pair of matched filters is

applied before dowssampling and QAM denapping.

The electrcal spectra of ®and QAM and OQAMCAP signals are compared in
Figure 3ga) and (b) respectively. The aggregated baud rate is 32 GHz “@thzdbaud
rate for each band. An over sampling rafg,, of 10 is applied for both modulation
formats. In tradibnal QAM-CAP multiband squareroot-raisedcosine (SRRC) filters are
applied with a roloff factor Uof 0.15. Every two bands are isolated with each other and

an excess bandwidth of 0.15x4=0.6 GHz is wasted in each channel. To suppress the out
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of-bandleakage (OOBL) noise 50 dB below the average signal power, 2x#%¥R taps

are used in digital filtering. Compared with QAGKAP, OQAM-CAP allows the channels

to be aggregated at the Nyquist limit with some overegpshown inFigure 3g§b) SRRC
filterswith U= 0.5 are applied and the separation between the adjacent channels is 4 GHz
with a 2GHz aliasing in each channel. Howevalthoughthere is an overlapping, the
signal of each channel can still be recovered without interference because of the orthogonal
property of OQAMprecoding 68]. 2x3x04 sfilter taps are used in OQAMLAP channels

to obtain the same OOBL noise floor comparechvi};AM-CAP. Since the number of
multiplication in digital filtering is proportional to the filter length, OQA®AP could

obtain 50% improvement in computational efficiency (CE).

3.5.3 Experimental Results and Discussions

Figure 37shows the experimental test kefdhe proposed highapacity MFH based
on OQAM/QAM-CAP. Light emitted out from a-Band external cavity laser (ECL) enters
a dualarm MachZehnder modulator (DAMZM) biased at8, . The generation of the
SSB signals is based on EMZM with smalldriving-signaloperation §0]. The original
double side band (DSB) signal and its Hilbert transform are used-pisase and
guadrature components feeding into the two signal ports e2ZM. Under small signal,
DA-MZM can be approximated as an 1Q modulator. However, compared with the complex
bias configurations and packaging of the IQ modulator;NI&M provides a lowcost
alternative option. The 3%baud eighithannel CAP16 signals are generated by DACs
operated at 80 GSa/s and attenuated by a pair @iBl@lectrical attenuators after

amplification. After modulation, the signal light is boosted by an erldoped fiber
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amplifier (EDFA) and transmitted over -80n standard single mode fiber (SSMF). At the

DU site, another EDFA is used to compensate the transmission loss. The signal is received
by a 50GHz U2T photo detector (PD) and recorded by a Lecroy@36@/s oscilloscope.

The optical spectra of the DSB and SSB signals are shown in the iksgud 37 More

than 10dB sideband suppression ratio can be obtained.

Figure 36. Electrical spectra of (a) QAM- and (b) OQAM-CAP.

One important issue in diredetection single sideband modulation is the sigoal
signal beating interference (SSBI), which is mainly caused by unwanted mixing products
after squardaw detection of PD. SSBI typically distributes from DC to several tiofes
the signal bandwidth, which can hardly be eliminated by prepostequalization.
Traditional optical or DSP based schemes significantly increase the complexity in
hardware or computing. In this paper, we propose to combinequaization and
minimum bit-error-rate (BER)power loading91] to mitigate SSBI and optimize the BER
distribution. Given thdth channel responsé,; noise distribution coefficient(y; and
modulation format dependent factorg the pover partition coefficient of eacthannel

can be deducted as

, b S g
1 b*ghl B’

(3.19)
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where 3= # %+ £, Compared with DMT, such power adjustments are performed
among a few bands instead of thousands of subcarriers, which is computafioiaitef

The received bacto-back electrical spectra of the OQAMNd QAMCAP signals are
shown inFigure 38a)-(c) andFigure 3&d) respectively. The BER distributions of each
channel in OQAMCAP without preequalization, with prequalization, and witlpre-
equalization plus power loading are showirigure 3&a). It is noticed that, although pre
equalization significantly improves the flatness of the signal spectrum and reduces the total
BER. But the signal quality of the lefrequency bands still deteriorated due to the SSBI.
However when power loading algorithm is used after thegmaalization, more power is
allocated to the bands which suffer more from the SSBI. The BER performance among

different bands can be-fmlanced and the total BER ismmized.

Figure 37. System diagram of the experimental testbed.

The total BER performance as a function of optgighatto-noise ratio (OSNR)
under B2B operation and BER versus launch power after fiber transmissions are shown in
Figure 39b) and (c) respectively. As shownhiigure 39b), for all the cases, the BER is

remarkably improved when power loading is applied, whicimasched with the results
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shown inFigure 3%a). With a 20% SEFEC threshold o2E-2, a 4dB OSNR penalty is
observed when power loaded QATAP16 is used instead of OQAMAP16, which is
caused by a larger effective bandwidth occupied by Q@MP. Since thesystem is
operated under greatly attenuated electrical signals with a small modulation depth, the real
electrical SNR could be much smaller than OSNR. As showfigare 39c), there is
around 11dB power difference between using-R and 86km fiber, whch is mainly
attributed to increased transmission loss of longer distance. The selected constellations
with BERs less than 7% HEFEC threshold 08.8E-3 are also shown in the insetfafjure

39(b) and (c). Itis observed that OQA®IAP and power loading tbaique can bring about

4-dB and 3dB launchpower improvements respectively which demonstrates the
superiority of the proposed MFH with power loaded OQAMP compared to the scheme

using traditional CAP.

Figure 38. Selected electcal spectra: (a)—(c): OQAM - CAP; and (d) QAM-CAP.
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Figure 39. (a) BER distribution among channels; (b) BER versus OSNR; and (c)
BER versus launch power

3.6 Summary

In summary, we have demonstrated, for the first timguéiiband OQAM CAP
modulation with advanced digital filter design in a spectral efficient fiiezless
integrated RoF system for applications with multiband, multiservice, and multiuser. The
operation principles of OQAM and OQAIZAP as well as the gen¢ian of IOTA filters
are introduced. Truncation effect and its influence on digital filters are also theoretically
analyzed. Three scenarios are studied and compared in this paper, namely, the IOTA
OQAM CAP, SRRCOQAM CAP, and SRR&QAM CAP. From both theiswlation and
experimental results, it is demonstrated that IOTA/SRIRQAM CAP can achieve around
10% improvement in SE and about 2 téo#l increase in CE compared with traditional
SRRCGQAM CAP. For SRREOQAM/QAM CAP, there is a tradeff between SE an@GE
by applying different rolbff factors. Nevertheless, IOTA filtered OQAM CAP has the
highest resistance to truncation effect thus being able to obtain the highest CE among all
the three cases. On the other hand, SRR®1 CAP can still be a promising cdidate
for RoF UL transmission because it does not require strict synchronization between the

adjacent channels. Bidirectional-@Hz RoF transmission experiments are conducted over
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15km-SSMF and 1.5n-wireless channels with IOTA/SRRCQAM CAP for DL and
SRRCGQAM CAP for UL. Less than 7% EVM can be achieved for both QPSK and
16QAM modulations with the maxima DL and UL data rates of 9 Gbit/s and 5 Gbit/s

respectively.

On the other handve demonstrate a 1&8bit/s multtband OQAMCAP16 based
Tier-1l fronthaul data link supporting highapacity mobile edge nodes in 5G. Compared
with QAM-CAP, OQAMCAP allows overlap between channels and relaxes the
requirement on the number of filter taps thus obtaining around 8% and 50% improvements
in spectral and computirgfficiencies respectively. On the other hand, longer transmission
distance and optimized BER performance are achieved by utilizing SSB modulation with

power loading over multiple CAP bands.
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CHAPTER 4. SIGNAL DETECTION AND PROCESSING IN
BIDIRECTIONAL ANALOG RADIO-OVER-FIBER MOB ILE

FRONTHAUL NETWORKS

4.1 Introduction

Empowered by spectral aggregation and cell densification, future 5G mobile data
network poses a huge challenge to build next generation mobile fronthaul system with
higher capacity, scalability, anchergy efficiency. Under this circumstance, traditional
solutions based on common public radio interface (CPRI) or channel aggregation with
digital signal processing (DSP) are not sufficient to support heterogeneous ubiquitous
wireless access. In this papare demonstrate a poitd-multi-point bidirectional mobile
fronthaul system. Wavelength division multiplexing plus frequency division multiplexing
(WDM-FDM) is applied to support independent asynchronous small cells. Intensity
modulation and direedlete¢ion (IM-DD) downlink (DL) as well as fileanodulation and
heterodynedetection (FMHD) uplink (UL) are proposed. Combined with efficient virtual
tone based DSP for phase recovery and cdraguencyoffset estimation, signal
degradations from beating amg incoherent asynchronous UL signals are mitigated.
Proofof-concept experiments are demonstrated where 20 and -MH&0component
carriers (CCs) are transmitted overib standard single mode fiber (SSMF) for DL and
UL respectively. Less than 6% erreector magnitudes (EVMs) with 64, 16, and#y

guadrature amplitude modulation (QAM) are obtained.
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4.2 Operation Principles and Impairment Analysis in Bidirectional Mobile

Fronthaul Network

As mentioned in the previous sections, the transmission impairnmetite FDM
upstream is mainly caused by incoherent signals from different cells and their beating
inside the PD. In the following parts, we are going to analyze the impairments in three UL
schemesThe first scheme applies distributed directly modulatedr&a(DMLSs) which is
widely used today’'s TDMPON and hybrid fibecoaxial (HFC) systems. As shown in
Figure40(a), two DMLs are implemented in two small cells. Signals from Small Cell 1
and Small Cell 2 occupydd and even channels respectively which ballcombined using
a passive splitter and received by a PD at the B®I0l. The electric field of the output

light from the DML can be represented by

EQ) [E@ X P Ax D @F ) (4.1)
where fi and ¢ are the angular frequencies and phase of the light, whilg and © I are
the amplitude, modulation index, and modulated electrical signals respectively. After

combination, the total electric field can be expressed as the sum of electric fieldadrom

cells as

Bot E1() Ex(®

At Os()@E D aAxr psi@ 2 9. (42)
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Figure 40. Mobile fronthaul uplink using distributed directly modulated lasers
(DMLs): (a) system diagram; (b) resulted signal impairments.

After PD, the photocurrentwill follow the squardaw detection principle which is

evaluated as

IV Eqor Eior™
A?r Ds(0@ AP2 Bs()@ (43)
2aM2 05 ()@ B5()@>E &) ({ H0@

where @ B and Q B occupy odd and even channels and they fylfijQ B ' 1 and
| 5Q( Pl ' 1 respectively, when the modulator is operated under linear region. Thus

Equation(4.2) can be further simplified as

| v 2 DAlsi() DAY L (A7 AD)

44
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where ¢fi= fis F igand ¢6= 05 F 0g and they are both functions of tink&The frst
term in Equation(4.4) is the desired signals after combination from the two cells. The
second term is the direct current (DC) component. And the last term is the OBI which could

be complicated if freeunning lasers are used. Typicalthe wavelendts of DMLs are
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unstable and keep drifting even with thermal controllers. Tthes angulaffrequency
difference ¢ fiis unpredictableand sometimes could change drastically. If it is reduced to
zero, OBI will be overlapped with the desired signal sedously degrade the sigrtat

interferenceplus-noise ratio (SINRas shown irFigure 4@b).

Figure 41. Mobile fronthaul uplink using distributed remote modulators: (a) system
diagram; (b) resulted signal impairments.

The second scheme is to use centralized light source and distributede remo
modulators as shown Figure41(a). In the shorteach mobile fronthaul network, DMLs
can be replaced with sourree modulators, e. g., Maaehnder modulators (MZMs) and
the inputlights for multiple small cells are provided by a centralized laser source at the
BBU-Pool. To further improve the signal quality and reduce the phase noise, an external
cavity laser (ECL) with laser linewidth around 100 KHz can be applied. In this base, t
wavelengths from different cells will be locked wiggfi= 0. Suppose that MZMs with

pushpull operations are used; the output electric field of an MZM can be modeled as

Eout |Ein| &% OCOSWSS%ias (0 (45)
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where ' 3¢ @and ' i are the output and input electric fisldf the lightrespectively 8 is
the halfwave voltage of the MZM; an@ ; dScthe applied bias voltage. To achieve the
best intensitymodulation performance, the MZM is biased & &8 2 and thus

Equation(4.5) can be rearranged as

- s s_.°
E E (& Deos o —2 g(t
out | |n| «i Y, (1) ;

G N (4.6)

At linear operation region whgr@ | ' 8, Equation(4.6) can be approximated as
Bt A2 D) @7 7, (4.7)

where #= 32| ' yl{2and U= F¢& (2 8) . Itis worth nothing thaEquation(4.7) is in the
same form compared withquation(4.1). Thus after combination and phoittetection, if
small nonlinear components are ignored, the photocurrent becomes sintlguabm

(4.4), which is expressed as

| v 2 RAPsI() DAY S() L (A° A))
2AA R DOs(t) Bs()@s( ), (4.8)

As indicated byEquation(4.8), although, the impact of wavelength thermal drift is
eliminated, the OBI issues mainly induced by the beating asigngls from various cells
arenot resolved as shown iigure41(b). The phase noise generated with incoherent light
sources in different RAUs will convert into intensity noises which severely pollute the

signals even when DSP technique is applied.
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In the aforementioned schemes, it is noticed that due to the OBI and phase incoherency,
FDM signals are challenging to be recovetfeadughtraditional intensitymodulationand
directdetection (IMDD) systems. In order to resolve such an issue, we prapfisie-
modulationandheterodynedetection (FMHD) schemebased on aforementioned remote
modulator systenfor the UL transmissionAs shown inFigure42(a), the UL signals are
photodetected with an optical local oscillator (LO) in the BBdol The wavelengtlof

the optical LO is not overlapped with the optical carrier modulated with signals. To
optimize the field modulation performanteRAUs,the MZMs are biased & . Then the

electric field of the modulator output light can bg@rssed as
A . a S (o]
E, E |é(Z Dsin 99 .

ut | |n| 84\75 : 4.9

With the given small signal modulation condition for best modulation linearity

| ©F ' 8, Equation(4.9) is simplified as
Eou | DA9EE T, (4.10)

where U= F¢& (28) and #= | ' gl After incorporating the signal lights from Smalel|

1 and SmalilCell 2 as well as the optical LO, the total electric field can be derived as
o OAs(YEd 0 pas(y 82 0 AL 0,

where #4 fig and 6zare theamplitude, angular frequency, and phase of the LO light.

After beating inside the PD, the photocurrent can be obtained as
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where i = Mg F N5, ¢0ps= OaF 05, (0= OaF Og, and ¢056= 05 F Gg. The

first two terms oEquation(4.12) are the desired signals from two cells after combination
and the last four terms are the undes@®®&l components. As shown Figure42(b), the
optical LO provides a reference for asynchronous signals from diffexlitAfter beating
inside the PD, signals will be tgpnverted to an intermediate frequency (tpted atii 4 ,
andOBI terms are mainly distributed on the ldkgquency bandBy properly choose the
wavelength of the LO, signals carried by thevi#ll not be interfered by the OBI
componentsas shown irFigure 42(b). Moreover under heterodyne detection, instead of
converting into the intensity noisthe phase noisecan be reconstructed by tracking the
phase fluctuations of the Bt pilot toneswvhich enables us to use specific DSP techniques
to rectify the phase of the vector signals. Therefore by usindgiBMnethod, the OBIs and
phase noises are largely mitigatédl.the devices for UL transmission remain identical to
that of traditional IMDD schemes except only a levost distributed feedback (DFB) laser
implementing as the optical LO in the BERbol. Thereforethe proposed UL receiving
systemdave relativelysimplestructures as well as improved stabibityd affordability. It
could bea promising candidatdo realize bidirectional WDM-DM mobile fronthaul

supporting future 5G system with spectral aggregation and cell densification
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Figure 42. System diagram (a) and signal flow (b) of proposed mobile fronthaul
uplink with field -modulation and heterodynedetection scheme.

4.3 Experimental Demonstration and Results

A prootof-concept experimentakest bedof the proposedbidirectional nobile
fronthaul is shown irFigure 1%a). The test bed is set up to study the operation of one
WDM-channel in the proposed WBDFDM mobile fronthaul networkA pair of coarse
WDM (CWDM) multiplexers is used to separate DL and UL wavelengiis.DL system
is based on conventional HBD scheme, whe electrical signals are modulated onto the
light through an MZM which is under pusgtull operation and biased &/ 2. Twenty80-
MHz aggregated CCare transmittedrom the BBUPool to two ndependent smadell
RAUSs over 25km SSMF. At the RAU siteshe optical signals will be directly detected by
the PD and recovered with offine DSP. In the experiment, ©@econtains 1024
subcarriers and it issed to intate a future 5G signal band. Sm@#ll 1 and SmaliCell 2
selectively receive odd and even£@spectively. The electrical spectrum of the DL signal

received at Small Cell 1 is shownHkigure 1%e).
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Figure 43. Bidirectional experimental demonstration of proposed mobile fronthaul

system: (a) testbed diagram; (b)(c) odd- and evenchannel electrical spectra after

square-law detection at Point | respectively; (d)(e) electrical spectra after square
law detection at Point Il and 11l respectively.

The UL transmission system is based on aforementionetiBMcheme. The ligt
from one ECL at the BBWool is boosted by an erbivdopedfiber amplifier (EDFA)
before fed into two smattell RAUs. At each RAU site, a polarization controller (PC) is
used to adjust the polarization state of the light to maximize the modulatiom degpt
noted, the UL light is field modulated by an MZM biase®atThe UL signal is composed
of 16 80MHz LTE-like CCs, while the odd CCs are modulated onto the light in RAU1
and the remaining even CCs are modulated onto the light in RAU2 to imieateDikl
operations among the two cells, which are showfignre43(b) and (c) respectivelylhe
lights carrying different FDM signals are then combined and transmitted back to the BBU
Pool after 2&km SSMF. At the BBWPool, the signals mixing with the opdal LO are
detected with a singlend PD. It is worth nothing that akin SSMF segment is added
before RAU2 to deorrelate the lights entering two different cells. Since all the laser
sources are centralized, the BBdol is able to precisely control aadjust the wavelength
of the ECL and DFBwhere system controlling and maintenance efficiency are largely
enhancedThe electrical spectrum of the received UL signals is showigure43(d). The

signals are wgonverted to the IF at 4.7 GHz generatedrirthe beating between the
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signal and LGlights. In this case, the signals are totally immune from the undesired OBI

components which occupy the levequency band from 0 to 3 GHz.

To improve the quality and successfully recover the UL FDM signals. Twaited
issues need to be addressed. First, the remote MZMs at the RAUs need to be l8ased at
Figure44(a) shows the power and electfield responses of the MZM when it is biased at
8/2 and 8. The signal spectra at different cases are also amdpnFigure44(b) and
(c). Traditionally, in intensitymodulation scheme, MZM is biased &t 2 to achieve the

best linearity in its power response expressed as

1% §s o
= — WV t 1
V3 fos - Yoias s(t)) . (4.13)

[l out]
|'in|

However, as indicated lBquation(4.12), in FM-HD, system detects the electric field

of the signal instead of its power and the field response is given by

% vcos;TS Voias  s()) | (4.14)
. s

where the best linearity occurs &4 ; & 8. As shownin Figure44(b), when the bias is

close to 8/ 2, the electric field is nonlinearly distorted, and the-liogquency OBI grows

up which competes against the desired signals and consumes the gain inside the PD and
amplifiers resulting in a reduced SINRdxsired signals. On the other hand, at the bias of

8, the OBI will be suppressed. Second, the phase noises after heterodyne detection need
to be exactly eliminated. In this work, we apply virtual tone (VT) based DSP for phase
recovery P2. A VT is an FDM pilot subcarrier carrying known paded symbols

which is inserted near the ddtaded subcarriers as shownFigure44(b) and (c). Such

VTs are allocated at diffeng¢ frequencies for different cells. After fiber transmission, the
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bundled signals ah VT from one cell suffer from the same phase noise and carrier
frequency offset (CFO). At the UL receiver site, the VT can be extracted to cancel out the
same phase noise and CFO carried by the paired OFDM signals. This method is proved to
be an effectivesolution to overcome the phase incoherency among asynchronous cells

although it sacrifices a part of the spectral efficiency.

Figure 44. (a) Power and electriefield responses of a MactZehnder modulator. (b)-
(c) Electrical spectra after heterodyne detetiton when the MZM is biased at, ¢ U
and , g respectively.

The experimentally measured constellation diagrams and-esotor magnitudes
(EVMs) versus received power are showRigure45. In the experiment, three modudat
formats, QPSK, 16QAM, and 64QAM are applied with the results illustratéagumre
45a, d),16(b, e), andL6(c, f) respectivelyFor all DL and UL cases, less than 6% EVMs
are obtained with andithout applying 25m SSMF, which passes the 8% EVM steld
of 64QAM defined in current LTE standar@®3]. The received power penalty with-Rin
fiber transmission are attributed to higher insertion loss and chromatic dispersion induced

power fading. As shown iRigure45, the sensitivityvith 8%-EVM at theUL receiver end

is around-16 dBm. The power of the ECL is boosted to 12 dBm by the EDFA before
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launching into the fiber. Another EDFA with a gain of 17 dB is also implemented at the
UL receiver site. Given the receiver sensitivity and laser power, theogthe optical link

is enough to support 6 smakll RAUs and compensate the loss induced by bidirectional
25-km fiber transmission (11 dB), CWDM multiplexers (3 dB), modulators (9 dB),
circulators (5 dB)and PCs (0.5 dB). It is worth noting that théNE performance of the
OFDM signal could be further improved by compensating the nonlinear distortion resulted

from the electrical amplification®4].

Figure 45. Average error-vector-magnitude (EVM) of aggregated component
carriers versus received optical power.

In comparison with the existing schemes, our proposed VHADWI based

bidirectional mobile fronthaul eliminates the interference from OBI components and thus
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achieving better received signal quality. It also exhibits theamtdges with high
flexibility, enabling PTMP bidirectional transmission, and high capability to support
increased number of connected cells. Moreover, FDM data transmission from each cell site
doesn't need to wait for a specific time slot, which redusdstiency and synchronization
requirements in comparison with TDM schemes. However, on the other hand, there are
also some issues which deserve to be further studied and made improvements in the future.
Since MZMs are typically polarization sensitive, &quires polarization control and
tracking systems at the distributed RAUs which adds to the complexity and cost of the
overall network. One possible solution is to apply reflective semiconductor optical
amplifiers (RSOAs), electrabsorption modulators (BWs), or polarization insensitive
silicon photonics 95]. Meanwhile, a polarization multiplexed receiver can also be
implemented at the BB®ool [96]. Moreover the number of connected cells could be

further increased if PDs with higher sensitivities aredus

4.4 Filter-Bank Multi -Carrier in Next-Generation Mobile Fronthaul Networks

with Centralized Pre-Equalization

4.4.1 Motivations and Backgrounds

The drastic growth of demands in high quality wireless servicesriggered the
investigation of fifth generation (5G) mobtatanetworks, which is commonfgrecasted
to be deployed aroung020 [1]. To support future 5G mobile communication systems
employing millimeter wave (MMW) and small cells, fiber and wirelessas networks
will be integrated to provide mobile fronthaul (MFH) solutions with higher capacity,

flexibility, and spectral efficiency (SE). Compared with traditional MFH networks based
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on common public radio interface (CPRI), anattognain carrier aggregion (CA) [14],
[18] and radieoverfiber (RoF) [¥], [98] schemes increase the bandwidth efficiency and
reduce the latency. However, except from existing wirdlagspenalties, component
carriers (CCs) in analog CA and RoF schemes also suffergoomar fading, nonlinear
distortions and othesignal quality degradations from optical tramiders receivers, and
fiber transmissionswhich requires us to enhance the digg@natprocessing (DSP)
capabilities obasebandinit (BBU) poolwith pre-distorton, postcompensation, and link

adaptation in nextjeneration fibewirelessintegrated MFHetworks.

On the other hand, fueled by the development and popularity of new technologies
such aswireless sensor network and Internet of Things, massive machigpe
communications (MTC) become a key challenge tad@ressed in the 5G systemS][9
Different from the traditional humato-human (HTH) equipment, most MTC devices are
inexpensive with limited computational or power resources. To support those gdewnees
of the solutions is to aggregate higarformance computing machines as well as high
speed DSP resources at the BBU pool. In comparison with traditional distributed systems,
complex and time&onsuming functions like prequalization and prdistortion can be
partly or even totally performed at the BBU pool which releases the DSP burden thus
reducing the cost on the distributed user terminals. In addition, the centralized processing

power also enables more advanced and efficient network coordinationaragement.

Recent studies about filtdlank multicarrier (FBMC) have been reported in both
optical and wireless area83, [100. In comparison with orthogonal frequendivision
multiplexing (OFDM), FBMC uses prottype filters to define the tim&equency window

of each subcarrier (SC). The undesired sidelobes of SCs can be significantly suppressed,
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which enables the system to seamlessly aggregate asynchronous CCs from different users,
services, and locations without interference. The above featistegydish FBMC from
other multicarrier formats to support asynchronous centralized signal processing and

concurrently maintaia high SE

In thissectionwe compared the performanags=BMC as well a®OFDM with and
withoutcentralized preequalizatiorin a fiberwireless integrated MFH netwarRroofof-
concept experiments are conductadan RoF testbed with two user terminals and one
BBU pool. The testbed operates with an MMW frequency around 5Q Biblirectional
transmissions of 1:Ghz 5 aggregated CCs are realized oveki@Sstandard single mode
fiber (SSMF) and 1-2neter wireless channdtxperimental results demonstrate thatler
the synchronized dowlnk (DL) circumstance, both FBMC and OFDMart achieve
similar performancesdowever, for asynchronous dipk (UL) transmissions with OFDM,
the receiver at the BBU pool fails to obtain the correct channel information due to strong
inter-band interference (IBI) between adjacent CCs from differemrsusbut the
performance ofFBMC is not affected, which proves that FBMC can support signal
processing and recovery among asynchronous data without sacrificing SE in next

generation 5G compatible MFH networks
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Figure 46. Flow diagrams of centralized preequalization process for(a) DL and (b)
UL transmission in MFH networks supporting next-generation mobile technology
TX: transmitter; RX: receiver; PEC: pre -equalizer coefficients; UE: user
equipment.

4.4.2 Operation Principls

Theprocesof thecentralized preequalization is accomplished by three steps, from
Step 1 to Step 3, as showrHigure 3%a) and (b)Assuming the channel is n@aciprocal,
in DL transmission process, preambles acting as training symbols are imsendeldcally
in the data streams at BBU pool and transmitted to the user equipment (UE). At the UE
ends, those training symbols are demodulated, quantized, and feedback to the receiver at
the BBU pool. Feedbacks from multiple users will be usezktimae¢ the channel and pre
distort the amplitude and phase of the DL signals globally in frequency dofitaen.
minimummeansquareerror (MMSE) method is used to achieve the-guealization
coefficients L01]. In contrast, the UL prequalization process isiiiated by sending
preamble symbols from the UE to the BBU pool, which will be used for channel estimation
to obtain preequalizer coefficients (PECs). PECs are communicated to the UE which will
be used to perform UL prequalization. The above operationde is somewhat similar to
traditional closdoop adaptation [12] exceptthat most of the computations are performed
at the BBU pool, which reduces the complexity, power consumption, and cost at the
distributed user terminals. In the following part, ieiperimentally verified that FBMC

could be a better candidate than OFDM for next generation-viivetess fronthaul
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network with functioning centralization, such as centralizedegealization, due to its
more concentrated spectral distribution withhitygsuppressed IBI. It is worth nothing that,
limited by the experimental condition, in this pramffconcept study, Step 2 shown in
Figure 39a) and (b) is realized by offline simulation. However, a comprehensivémeal

experiment is going to be studién future.

Figure 47. (a) and (b): schematic diagrams of FBMC transmitter and receiver
respectively. (c) and (d)preamble anddata structures of OFDM as well as FBMC.

The DSP blocks of a twbranch FBMC transmitter witN IFFT/FFT size are shown
in Figure 47a) [98]. 2xN pulse amplitude modulated (PAM) symbol streams are sent into
the transmitter as the input. A halBhase delay is introduced between the adjacent symbol
sequences. After IFFT, polyphasetworks (PPNsare used for pulse shaping towaids
SCs Squareroot-raisedcosine (SRRC) filters with a rediff factor of 1 are useas
prototype filtergo generate theoefficientsof the PPNs. AftePPN the signal is parallel

to-serial converted and the output of tight branch is delayed by half of the symbol
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periodTs/2 before it is combined with the output from the left bramdcause there is a
T¢/2 timing offset between the 4dphase and quadrature PAM components, such a
modulation scheme is called offset quatdre amplitude modulation (OQAMJhe DSP
blocks for an FBMC receiver are showrFigure 47b), where the order of the DSP blocks

is reversed to that shownfigure 47a). It is worth nothing that th@ne-frequencylattice
structure of FBMGwvith OQAM modulationis different from tlat of OFDM. As shown in
Figure 47c), in OFDM, each timdrequency resource element (RiE)occupiedby a
complexQAM symbol (+ jQ) with a symbol duration ofs, wherel andQ denote inphase

and quadrature components respety. However, as shown ikigure 47d), | and Q
components in FBMC are interleaved and each RE only carries ofAtdadymbol ( or

Q) with a halved symbol period d¥/2. To estimate the signdb-interferenceplus-noise

ratio (SINR)and execute presqualization preamble symbols are transmitted before the
data blocksas shown inFigure 47c) and ¢). The preambles used for both OFDM and
FBMC last three symbol periodsT&and 3/2s respectively). However, one of the side
effects of using FBMC is thabefore equalization, there is always an intrinsic imaginary
interference among neighboring SCs and symbols, which complicates the preamble design
for channel estimation (3. In this paper, to obtain accurate channel information without
disturbance fron the norpreamble symbols, zero guard symbols are inserted to isolate the

preamble blocks from the data blocks as showigare 47d).
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Figure 48. (a) Experimental setupfor comparisons between OFDM and FBMC in a
fiber-wirelessintegrated MFH network; (b) and (c): measured optical spectra at
point A for DL and UL transmissions respectively.

4.4.3 Experimental Setup

Figure 48a) shows the proedf-concept fibetwireless MFH network testbed to
compare the transmission and+eualizatbn performances between FBMC and OFDM
based schemes. The testbed is composed of one BBU pool, one radio access unit (RAU),
and two UE terminals. In this system, one DFB laser working at 1552.7 nm is used as DL
light source. Five 220MHz 128 SC OFDM/FBMC CG with center frequencies at 0.445,
0.665, 0.885, 1.105, and 1.325 GHz are aggregated and modulated onto the light by an
intensity modulator (IM). The electrical spectra of offline generated OFDM and FBMC
CCs are shown ikrigure 49a) and (b) respectivelit can be observed that the enftband
leakage of OFDM is much stronger than that of FBMC. To maximize the SE, the CCs are
guasiseamlessly aggregated with only one SC acting as a guard band between adjacent

CCs. Therefore, the SC index allocated for @& LCCS5 is from 1 to 128, 130 to 257, 259
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to 386, 388 to 515, and 517 to 644 respectivEhe data of UEL1 and UEZ2 is carried by

odd and even CC sets respectively with modulation formats of 16QAM or 64QAM.

For DL transmission, the two CC sets are combined offline and sent to Tektronix
7122C arbitrary waveform generator (AWG) with a sampling rate of 4.5 GSa/s and a
symbol durationTs of 0.582 ms.After intensity modulation, a 4GHz Mach-Zehnder
modulator (MZM) biased at the minimum intensibutput point is used to suppress the
central optical carrier. Two optical side bands with 8515z separation are preserved. The
optical spectrum after opticahrriersuppressed (OCS) modulation is showrFigure
48(b). After 25km SSMF transmission, the optical MMW signals are detected by a 70
GHz photodetector (PD). A pair of horn antennas witldBbgains is used to deliver and
receive the MMW signald he wireless transmission distances from the RAU to both UE1
andUE?2 are set to be 1.2 m, which is limited by the output power of the radio transmitters.
Within each UE site, an envelope detector (ED) is used to-dowvert the signals before
they are sampled by a digital scope and demodulated offlineudsteeantransmission
links with two TX antennas and one RX antenna are also set up as shegura48a).

The odd and even CC sets are generated by UE1 and UE2 respectively. A delayf 0.05
is introduced between the two CC sets to imitate asynchronous ULsdiffithent
transmission latencies. The CC sets are mixed with 83R28local oscillators (LOs) and
up-converted to MMWs before they are emitted out, combined, and received at the RAU.
An ED is used to dowronvert the signals, which are amplified and matkd onto the

light by a 16GHz IM. After 25km SSMF transmission, the signals are detected and
sampled by a digital scope. The UL optical spectrum after fiber transmission is shown in

Figure 4§c).
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4.4.4 ExperimentaResultsand Analysis

The electrical spectraf OFDM and FBMC CCs before and after q@gualization
are shown inFigure 49c) to (i). As shown irFigure 49c), (e), (f), and (h), the power
degradations from 0 to 1.5 GHz are mainly induced by limited response bandwidth of
electrical/optical devices drchromatic dispersion induced fading after fiber transmission.
With the preequalization process, flattened channel response can be obtained as shown by

Figure 49d), (g), and (i)

Figure 49. (a) and (b): electrical spectra of tiline generated OFDM and FBMC
respectively; (c) to (e): electrical spectra of received OFDM signals for DL without
pre-equalization, DL with pre-equalization, and UL without pre-equalization
respectively; (f) to (i): electrical spectra of received DL andJL FBMC signals with
and without pre-equalization.

The results of SINR with and without pegualization are shown Byigure 50 For
UL transmission, as shownkigure 5@a), snce theodd and even CCs from UE1 and UE2
are decorrelated respectively, the large-atiband leakage of OFDM will introduce
serious interference to the adjacent bands thus leading to significant SINR degradation
especially at the bareldge SCs. Because the an@ channel response is distorted by the
SINR dips centered at ot®C guard bands between adjacent CCs, accurate channel

information cannot be obtained which results in the failure okprelization for OFDM
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UL transmission. In comparison, because efrdpid power decay at band edges of FBMC,

a high side lobe suppression ratio can be obtained. Thus the channel response is not affected
by IBI and preequalization works effectively even with asynchronous UL transmission.
The issue of strong IBI among asyhronous OFDM CCs also leads to significant power
penalties on error vector magnitude (EVM) as showhigure 51c) and (d).However,

under the circumstance of DL transmission when all the CCs are synchronized, both

OFDM and FBMC have similar performarsceith preequalization

Figure 50. SINR as functions of SC index with 2&km SSMF transmissions for (a)
FBMC versus OFDM UL, (b) FBMC DL, (c) FBMC UL, and (d) OFDM DL.

Typically, equalization among multiple users in UL is challeg to be realized by
distributed poskqualization schemes onlidowever, with centralized prequalization,
the transmission quality of CCs from different users can be balanced, and the overall
number of SCs passing the SINR threshold (e. g. 24 d@)ndisantly increased as shown
in Figure 5@b) to (d). The results of constellations and EVM versus received power are
shown inFigure 51with the electrical amplifiers and PD operating in the linear region. F
all the conditions except OFDM UL transmags, less than 6% EVM with 64QAM can be

obtained.
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Figure 51. EVM as functions of received optical power for (a) DL 16QAM, (b) DL
64QAM, (c) UL 16QAM, and (d) UL 64QAM.

4.5 Summary

Spectral aggregation and cell densification are two of the key strategies to effectively
boost the throughput of future 5G mobile data networks. Meanwhile, they have higher
requirements on fronthaul network’s capacity, scalability, and cost. To solvesbess,
in this work, we proposed a smakll compatible WDMFDM based bidirectional mobile
fronthaul network. In comparison with traditional CPRI, CA/CDA, or TDM based
schemes, the proposed system could support increased number of connected cells with
higher flexibility and lower latency. On the other hand, because of the impairments caused
by OBI and phase noise, traditional D scheme that fails to support FDM UL
transmission is replaced with our designed-AM method which can recover the UL
signalsfrom distributed asynchronous cells with the help of VT based DSP. A-pfoof
concept bidirectional transmission experiment is demonstrated which successfully

transmits 20 80MHz DL CCs and 16 80MHz UL CCs between the BBPool and two
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independent smadlell RAUs. Qualified EVM performances and clear constellations are

obtained which proves the feasibility of the proposed fronthaul system.

Meanwhile we havenvestigated FBMC with the centralized prqualization and
compared its performances with traditéd OFDM in a fibeiwireless integratednalog
MFH for 5G applicationsBidirectional RoF transmission experiments are conducted over
25km SSMF and 1:2n wireless channel with one BBU pool connecting with two UE
sites. 1.1GHz 5CCs dense CA over 56Hz MMW is obtained. The results show that the
pre-equalization is effective to compensate the channel penalties among multiple users.
Both OFDM and FBMC signals can achieve comparable performances in DL. However,
for asynchronous UL transmission, fgqualizaibn becomes ineffective for OFDM
because of its serious eot-band power leakage and IBI, which also leads to higher power
penalties on EVM performances. In comparison, FBMC performs better with centralized
pre-equalization due to its more concentratedcsmal power distribution and less inter
band crosstalk. With these advantages, FBMC could be a promising modulation scheme
compatible with nexgeneration MFH with centralized functions to reduce the distributed
cost and support spectral efficient asyetous network coordination and management

for future 5G applications.
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CHAPTER 5. CONCLUSIONS

The final chaptesummarizesmy doctoralworks in nextgenerationdigital radio
overfiber based mobile fronthaglystems andnultiband modulation as well as related
digital signal processingechniques in future fibewireless integratedetworks The
technical contributionand achievementsf this research work amncludedin Section
5.1. Future research directionand potential improvementsbout to these worksare

discussed in Section 5.2.

5.1 Technical Conclusions

This dissertation investigates they technologies in digital mobile fronthaul
systems with bidirectional transmission, data compresamvgncednodulation formats,
and multiband multiplexingvhich coutl provide potential solutions for 5G compatible
fiber-wireless integrated accessetworks The major technical contributions are

summarized as follows.

5.1.1 Advanced Data Compression Techniques in Digital Mobile Fronthaul Systems

Because of its lower bandwidéfficiency, rumours arise that digital racboer-fiber
technologies may not be a qualified candidate for 5G compdtiglecapacity mobile
backhaul or tiedl fronthaul But it is notthecase in short range and laterstyingent tier
| mobile fronthaulnetwork because of the high resistance against nonlinear distortions,
straightforward DSP architecture, and compatibility with different formateur study,
we focused on improving theandwidth efficiency of ERoF throughcompressing the

effective quatization digits usingfast statistical estimation, Lloyd algorithm, and
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differential pulse coded modulation. After combining with hayder modulation formats,

bandwidth efficiency of EROF systems can even be increased by 4 times.

To achieve data compmen, raditional statistical estimation methods are based on
probabilistic distributiorfitting which is computational complex because of using a large
number of samples to estimate the expectation and variance. In our work, fast statistical
estimationmethod is proposed. It assumes the discrete waveform samples are distributed
ontherange dfa+ - &, aF - €]. After using biagee to eliminate the DC component and
normalization of the waveform amplitude scales, the variance can be immediately
estimatedvithout statistical fitting process. To further simplihe computation, truncated
folded Gaussian distribution is applied which halves the number of estimated boundaries.
Fast statistical estimation is proved to be an accurate méthibed window lendt

coefficient, -, is properly set

On the other hand, although, fast statistical estimdtased data compressi@nan
efficient and precisenethod it is based on Gaussian distribution assumption and cannot
be used to resolve the data compression issu@tGaussian distributed wavefornius
to develop a generalized data compression algorithm to be used for any kind of wireless
data format is of great importance5G mobile network with diverse service environment
Thereforewe proposed relaxeddyd algorithmwhich is format agnosticCompared with
traditional methods including FSE, lowest quantization noise level can be achieved
especially when fewer quantization levels are applied. A good -tfidbetween
guantization noise level and computicgmplexity can be achieved. The recovered signal
quality can be further improved when combining relaxed Lloyd algorithm with differential

pulse coded modulation.



5.1.2 Multiband CAP Modulation and Efficient Data Multiplexing in Mobile Fronthaul

Networks

Other han higher average data throughput, tilbsa latency has recently become a
critical requirement in 5éNR standardddowever, traditionatime division multiplexing
in both EPON and GPON systems may fail to achieve this goal because of the following
reamns. Firstly, in TDM systems, the distributed access points will be periodically swept
and waiting for the window allowed for their transmission, which lacks the flexibility and
wastes too much time in buffering. Secondly, to fulfil its functions corregtty stably,
TDM systems may require a set of sophisticated bidirectiaeardination and
communicationswhich further increases the system deldus, it is necessary to consider
new data multiplexing scheme in negéneration mobile fronthaul systeraad among

them frequencydomain multiband multiplexing can be a desired option.

In multiband systems, different data transmitted to distributed RAUs can be mapped
and packaged into different frequency baadd they don’'t need to be synchronized when
choosng bandlimited digital filters like squair@ot raised cosine filter&kegular QAM and
offsetQAM basedmultiband CAP modulation are discussed and compared in Ch&pter
It is demonstrated that regular QAGAP multiband modulations are typically based on
bandlimited digital filters thus different data in different channels can be well isolated
without interferenc@ndstrict synchronization requirementschHannels are prallocated
to corresponding RAUghe time spent on buffering to avoid congestiantma eliminated.

On the other hand, OQANMasedCAP multiband modulation recently attracts the attention
from academic. It has higher spectral efficiency and lower computational complexity

because it relaxes the orthogonality condition in the -freguencylattice space and
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allows the use of Gaussian like filters which is highly resistant to truncation effect thus
leading to significantly shortened filter leng®ome representative results about OQAM
multibandCAP modulationin Tier-1l mobile fronthaularealsoselected and demonstrated

in Section3.5.

5.1.3 Bidirectional Pointto-Multi-Point Data Transmission iAnalogMobile Fronthaul

Systems

In this part, the data transmission penalties in a bidirectional-pmmulti-point
mobile fronthaul are analysed.idtnoticed that, because the lightive signals in different
independent distributed small cells have different phases and polarizations, incoherent
optical beating components will be generated and interfered with the desired signal bands

and thus reducinthe signaito-noiseplusinterference ratio of the recovered signals.

To avoid such penalties in the-lipk transmission, field modulation and heterodyne
detection technique is developed. By utilizing it, the optical beating components and the
desired gnals will not be overlapped in frequency domain which enables us to filter out
the optical signals from different RAUs. By inserting virtual tones, it enables us to track
and restore the phase vibrations as well as the carrier frequersst offthe sigals which
benefits the signal recovery process and improves the received signal quality. The influence

on the systems under different bias voltages has also been studied and compared.
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5.2 Future Work

It has been demonstrated in this dissertation that digitaladiefiber technologies
will become an important part in future muigr 5G compatible mobile fronthaul
networks. Data compression is an important tool to overcome its problem of lower
bandvidth efficiency. However, there are still some technical issues remained to be solved.
Firstly, it is still needed to study the performance of the data compression algorithm when
there are noise and channel penaltiesup-link transmission. Secondlythe data
compression methods studied in this dissertation inevitably result in increasing the
guantization noise-owever, there exist some data compression methasksd on sparse
coding and machine learning assisfgdcessingvhich could potentially obtaitossless
data compressionMoreover, higher compression gain could be potentially achieved

throughsome data traffic based methods.

Except from those improvements in data compression, there axglasalirections
which can be studied to improve thefpemance of digital mobile fronthauDeltasigma
modulation is also an effective method to improve the transmission efficiency of digital
fronthaul. It is possible to replace traditional uniform quantizer in cdgaa modulator
with nonruniform quantize combined with FSE or Lloyd based algorithm to optimize the
distribution of the quantization levels. The quantization noise level is expected to be
reducedand thus more bandwidth could be releasedatoyaevireless signhal components.

It is also an intergting topic to design the protocol amterface to allow the coexistence
of traditional CPRI, data compresseeRoF, functional glit, and even analog signals and
to enable the network adaptively seiegtthe best option under different application

scenaios.
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Furthermore, future digital fronthaul system could als® consideed to be
implemented over cohereRON systems which could maximize the system spectral
efficiency and to support the emerging new technolodjles massive MIMO and
beamforming, whib requirealarge network capacityOn the other handjrge in MIMO
and beamforming systems, the channelsametimede modeled as a sparse matrix and
the data streams in adjacent antenna bins are highly correlatedimdicdtes thatlata
compression could potentially obtaimgher compression gain in these systefisus
advanced data compression in mobile fronthaul supporting massive MIMO and

beamforming systems can be another impactful research topic.
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