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ABSTRACT

Radio over Fiber (RoF) is a pertinent technology to deal with exorbitant requirement of bandwidth
in multivariate wireless services both for outdoor and indoor scenarios and is regarded as a significant
technology for building centralized/cloud radio acsce®twork (CRAN) due to its inherent capillary
properties.

The dissertation aims to analydi€ferent Radio over Fiber systems for the frbiaul applications.
Particularly, analog radio overfiber (A-RoF) are simplest and suffer from nonlinearities, therefore,
mitigating such nonlinearities througligital predistortion are studied. In particular for the long aul
RoF links directdigital predistortiontechnique (DPDT) is proposed which is basethetbehavioral model
of the linkwhich can be applied to reduce the impairments-&ok systems due to the combined effects
of frequency chirp of the laser source and chromatic dispersion of the optical chidrerelindirect
learning architecture (ILA) badestructuresnamely memory polynomial (MP), generalized memory
polynomial (GMP) and decomposed vector rotation (DVR) modedsemployed toperform adaptive
digital predistortion with low complexitieRistributed feedback (DFB) laser and vertical capagitface
emitting lasers (VCSELSh combination with single mode/mutthode fibershave been linearized with
different quadrature amplitude modulation (QAM) formats for single and multichannel Easaly, a
feedback adaptive DPD compensation is predos

Then, there is still a possibility to exploit the other realizai@hRoF namely digital radio over
fiber (D-RoF) systemwhere signal is digitized and transmits the digitized bit streams via digital optical
communication linksThe proposed solution i®bust and immun& nonlinearities wo 70 km of link
length It is shown that efficient BRoF links can be obtained with a relatively low amount of analog to
digital converter (ADC) resolution bits.

Lastly, in light of disadvantages coming fromRoF and DROF, it is still possible to takenly
the advantages from both methods and implement a more recent form knows as SigmadietiezeR
Fiber (SDRoF) system Second Order Sigma Delta Modulator avidlti-stAgenoiseSHaping (MASH)
based Sigma Delta Modulatare proposed The workbench has been evaluated for 20 MHz LTE signal
with 256 QAM modulation. Finallythe 6x2 GSa/s sigma delta modulators are realized on FPGA to show
a real time demonstratioof S-DRoF system. The demonstration shows th&IR®F is a competitive

competitor for 5G suBGHz band applications.

<eywords: Radio over Fibe Direct Digital Predistortion Technique Digital Predistortion Technique

Nonlinearities Generalized Memory Polynomial Decomposed Vector Rotation Modkt



ACKNOWLEDGEMENTS

In the name oAImighty Allah, the most gracious the most merciful who gave me courage and
strength to finish my project successfully. My praae upon his Messenger Prophet Mohammad (peace
be upon him) who is our role model in every business of life and who urges to sed&dgefrom cot
to thegrave. My foremost expression of submission and gratitude goes to Allah Almighty without whose
grace and mergyhis work would never be possible even in the slightest.

I would like to express my sincere gratitude to my supervizorf, Giovanni Tartarinifor giving
me the opportunity toommence myhDstudes.lt is histrustand guidancéhat alwaysnotivated men
shaping my research aatsohis encouragemernd sipportduringdifficult times. | would also extend
my appreciation tony co supervisor Prof. Pier Andrea Travefmotheir guidance andupport during my
PhD. | am also obliged and thankfa iny Co-supervisors in ESIEE Paris, Frarfeef. anLuc Polleux
and Prof. Genevieve Bauddior ther guidance an@dviceduring my periodabroad Special thanks$o
Dott. Jacopo Nanni for standing through thick and thin during my stay in Lab and Bolbgm&sTo H

the current and former members of my lab for thigid supportandfor providingapleasant environment.

No acknowledgment would ever adequately express my obligation paragts Dr. Abdul Hadi
and Salma Hador their endlessupport, loveprayersand goodvishesto see me prosperinghese are
their sacrifices and encouragenssior my better education and carevhich make me what | am today
Above all | would like to thank my wife Mareya for her love and constapport, for all the late nights
and early mornings, and for keeping me sane. Thank you for being my muse, editor, proofreader, and

sounding board. But most of all, thank you for being my best friend. | owe you everything.

Finally, |1 would like to thank mydearfriends Dr. Awais, Dr. Danish Rhman, Dr. Ghulam
Murtaza,Engrs. Sagib IgbaFaizan Afzal, Jan Muhammaehd many other®r their encouragemerfun
timesand cooperation to complete my reseatclould thank Dr. Hyun Jung, Dr. Nelofar Aslam and

Prof. Kiran Khurshid for fruitful collaborations in my PhD.



TABLE OF CONTENTS

ABSTRACT ittt ettt et eeet e e e e e ettt e e e e s imeeasa e e et e e e e e s nbeeeeeeeeamne s e nneeeeeeeeannnrreeeas ii.
LIST OF TABLES. ... oot eere e e e e et e e e e s e e eannaeees Xiii
LIST OF ACRONYMS. ..o ettt e e e e e e e e e e e amaneeaanns Xiv
CHAPTER LIINTRODUCTION. ... .ottt eeeer e e e e e et e e e e e e e ann s 1
0 I [ Yo [ T4 1T o SRR 1
1.2 Radio over Fiber ArChiteCtUIES. ........cooiiiiiiieeeeeeee s 3
1.3 AIMS OF the THESIS. .. .uuiiiiiiiiiiiiiiiii e nees e 6
1.4 THESIS OULIINE. ...t e ees ettt e e e e e e e e e e e e e s smmreeeaeeaaeeas 7

CHAPTER 2LINEARIZATION METHODS FOR ANALOG RADIO OVER FIBER

TRANSMISSION SYSTEMS ... oo ereee e e e e eaaas 14
P20 I 1 0 T 3 Tox 1 o o WSS 14
2.2 0perating PriNCIPIES. .......oovi e 24
2.3 Parameters to evaluat®D linearization on signalS............ccceeeevvviiiieeeee e, 25
2.4 DPD MOUEIS.....ceiiiiiiiiiiiiiie ettt aeet e e e e e e e st annnsraeeeeeeaanes 26

2.4.1 Memoryless MOel.........ooooiiiiiiieee e 27

2.4.2 Models Derived from Volterra Series..........cccovvvvvviiivieeee e 27
2.4.2.1 Memory Polynomial Model...............ooovviiiiiccreieeeecce e 28

2.4.2.2 Generalized Memory Polynomial Model...............cccooovvieeee. 29

2.4.2.3 Orthogonal Polynomial Model..............ccooiiiiiieciii, 29

2.4.3 Decomposed Vector Rotation Model............ooooiiiiiimnei 30

2.4.4 Neural NetwWork MOGEIS........uuuiiiiiiiiiiiii e 31

2.5 DPD 1deNntifICAtION.......uiiieiiiee e ee e 32
2.5.1 Indirect Learning ArChit@CIUIe..........oovviiiiiiiiiiiice e 32

2.5.2 Direct Learning ArChiti0re............ooooeeiiiiiiiiiiicce e 34

2.6 CONCIUSIONS. ... .ottt et e e e e e e e e e e e e e anaea e e e e e e aaeeaes 37

CHAPTER 3/ DIRECT DIGITALPREDISTORTION FOR COMPENSATION OF

NONLINEARITIES IN RADIO OVER FIBERILINKS.......cccoooiieiiiiiiieiinnmssneaennsnnn 48
G 00 I 1 0T 3 Tox 1 o USSR 48
3.2Prop0OSed APPrOACH. ......uuiiiiiiiiiiii ittt 50



3.2.1 Directly Modulated Laser.............coovvviiiiiiimmmeee e s 52

3.2.2 Fiber COMPENSAtIQN........uuueiiiieee e e e e ceeeiiee e e e e e e e e e e e e e e e e aeeee e e e e e e eaeeaeeeees 54

3.2.3 Approximations Applied to the Model.............cooooiiimn 55

3.3 Numerical Results and DISCUSSION...........ccooiiiiiiiiicce e 57
3.3.1 Evaluation of Intermodulation Distortion for Dual RF Tane.................. 58
3.3.2 Evaluation of LTE Signal aan Input Test Signal............cccceeeviiiiiieecennnns 61
3.3.2.1 ACLR Results for LTE Signal..........ccoovviiiiiiiiiiienee e 61

3.3.2.2 E\M Results for LTE Signal..........uuvveeiiiiiiiii e 63

3.4 Behavior of Predistorter in Presence of Adiabatic Chirp..............cccovvveeeeeen. 64
3.5 Feasibility of the Proposed PrediStorter............c.oovvvviiieeee e 67
G 3L o o (1] o LTRSS 67

CHAPTER 4 EXPERIMENTAL DEMONSTRATION OF DIGITAL'PREDISTORTION

FOR RADIO OVERIFIBER (ROF) SYSTEMS........oooeeeiitrieeeeerrrrmeeeeeessssssnnssssssnnnns 12
4.1 Experimental Demonstration of Digital Predistortion VCSELs based RoF links73
4.1.1 DPD Methodology Implied to SMWCSEL...........cccviieiiiiiiiesceeccceeee e 74
4.1.1.1 Modeling Methodology for SMCSELs based RoF links.............74

4.1.1.2 Digital Predistortion Model............coooiiiiiiiii e 75

4.1.1.3 Estimation AlgOrithm..........coooiiiiiiiiiee e 77

4.1.1.4 Experimental Setup...........coooiiiiiiiiiieeee e 77
4.1.1.5Results and DiSCUSSION........ccuiiiiiiiiiiieiieeeeieeeeee e simmne e 80

4.1.2 Linearization of MMVCSEL-MMF based RoF systems......................... 85
4.1.2. 1Experimental SEtUP..........ooooiiiiiiiiiiireer e 386
4.1.2.2ResSults and DISCUSSIQN.........uuuuuuuuiiiieeeeeeririiiaaaa s e e e e e e e e eaneeae s 38

4.1.3 Discussion and CONCIUSIONS .......uuuiiiiieieeee e 91

4.2 Linearization of DFBSSMF based ROF lINKS..........c.ccccooiiiiiiiiicccciciieee e 92
4.2.1 Modeling MethodOlOgy..........uuuuiiiiiiiiiiiiiieeeieieeeieeee e 93
4.2.2 EXperimental SEtURP.......cooouiuiii e 95
4.2.3 Experimental Results and DiSCUSSION.............cvviieiiiiiemmiiiiiiee e 96

4.3 Experimental Demonstration on Digital Predistortion for M@hannel Radio over Fiber
)1 (=] 1 1L TP PP TSRO PPPPRPON 100



4.3.1Review of the developed muldimensional DPD models...................... 101

4.3.2Multi-Channel DPD for DFB based RoF System...........cccccoeeiivieennene 106
4.3.2.1Results and DiSCUSSION.........ceeeeiiiiiiiiiiiiieae e 108
4.3.3Multi-Channel DPD for VCSEL based RoF System..............cc.cvvvveeen. 112
4.3.3.1Results and DiSCUSSION...........cccuurriiiiiiimreiiiriiieeeieeeeeeeee e e eeeees 113

4. AREAL TIME SCENARIO.......citiiiiiiiiiiiiiie et ennee e e e e e snnneeeae s 116
4.4.1Modeling APPrOaCKL.......ccoviiiiiieeeeee e 120
4.4.2EXPErimental SETUP. .....couviiiiiie e 120
4.4.3ReSUIS aNd DiSCUSSIOML. .....uuuuiiiiiiiiiiiiiiieeerieiieeeeeeeeee e e e e e e e e e s s e e e e e e e e 122

CHAPTER 5 EXPERIMENTAL EVALUATION OF DIGITAL RADIOOVER FIBER

SY STEM. ..o eeeeiiitiieeeatr e et ieer e e et s e e ass e s s annsssems e nss s s s ammnne s s s smnnessmmmssnnnees 131

S I [ oo [8{ox 1 o] o WSRO 131
5.2BackgrouneDigital Radio OVEer FiDEr..........cooviiiiiiiiiiieeeee 132
5.2.1Band Pass SamPliNg.............uuuuuumiiiiiieeeiiiiiiiiiieiieeee e eeemre e 133

5.3 Signal Impairments in BROF LiNK.............oooiiiiiiiiiiiiimr e e 136
5.3.1Signal Impairments in ADC...........oooiiiiiiiiiieme e 136
5.3.1.1Signal to Noise Ratio (SNR) degradation in ADC...................... 137

5.3.1.2Signal to Noise Ratio (SNR) degradation due to Quantization.138
5.3.1.3Signal to Noise Ratio (SNR) degradation due to out of band noise

AlIASING.....oeiieeiiee e r e e e e e e ————— 139
5.3.1.4Signal to Noise Ratio (SNR) degradation due to Jitter Noise....140
5.3.2Signal Impairments in DAC..........coooiiiiiiieiieeer e 142
5.3.30ptical LINK NOISE.......ccuuiiiieiiiiiiii s eeeen et 143
5.3.4T0tal LINK NOISE.....ccoiiiieiiiiiieeeeteee e 144

5.4 Analytical model for DROF SYSTEMS.......uuuuiiiiiiiiiiiiiii e 146
5.4.1Performance RESULLS..............uuuuuuiiiireeeeeeis e 149
5.5D-RoF Experimental Setup and Analytical Model Results Validation.............. 153
5.5.1Results and DISCUSSIOM.........ccceviiiiiuiiiiimmreeeeeeeiiiiii e eeeeneen s 155

LI 0o [od 1153 o 1= 158

Vi



CHAPTER 6 SIGMA DELTARADIO OVER FIBER SYSTEMS AS AINEW CANDIDATE

FOR FRONTHAULAPPLICATIONS......cccctiiieiiiieenineiemeesnsseesnnnneesssmsneas 162

(G [ a1 1o To [FTox 1 o] o NPT RTTRPRP 162
6.2 Review of Sigma Delta Radio over Fiber System............cccccvvviimeeniiiiiiiiinnee. 163
6.30peration PriNCIPIE.........oooi it eene e 166
6.4 Structures of Sigma Delta ModUIAMBF .............c.c.c.oeeveveveeeeeeeeeeeeee e e 168
6.4.1Second Order SigmBelta Modulator................oovvvviiiiiiniiicieeeeiiiiis 168
6.4.1.1 System DeSsCriptiQn........cccoeeeeeiiiiiiiieeee e 170

IR Y @] o[ 11 ] o] o PP 186

CHAPTER 7.CONCLUSIONS/FINAL'REMARKS AND FUTURE DIRECTIONS......190
APPENDIX A LIST OF IPUBLICATIONS......couttimmununnninnsssmmssnnnnssnsnns s sssneesssmsmssnnn s 197

vii



LIST OF FIGURES
Figure 1.1: Basic GRAN architecture showing optical fronthauls (OFHS)....................... 2.
Figure 1.2: Esseratl schematic illustration of /RoF, DRoF and SERoF

OWNIINKSEE € € € € € € .. oottt ettt e e e e e e e e et e e e e e e e e e e e e e e e e e e nnns 5
Figure 1.3: Comprehensive overview of the theSIS........ccooeiiiiiiiiiceccicc e 9
Figure 2.1: RoF uplink and downlink SChemMaALIC..............uuiiiiiiieeceeeiiiccee e 15
Figure 2.2: Summary of linearization teCNNIQUES..............uuuuuiimmicccreeeeieiiiiiaee e 15
Figure 2.3: DPD linearization principle for Analog MEH.............ooiiiiiiiceeie 24
Figure 2.4: Multilayer Neural Network Model..............ooooviiiiiiicriiiee s 32
Figure 2.5: Indirect Learning Architecture (ILA) for system under.test....................... 33
Figure 2.6: Direct Learning Architecture (DLA) for system under.test.................concee 35
Figure 3.1: Block scheme representing the collocatian.................cccoceeee e 50

Figure 3.2:Functional Block scheme representing the collocation of the proposed predistorter

Figure 3.3: Comparison between values of ACLR (for Dual Sinusoidal RF Tone), for varying
length zford =10% and) = 30%, with and without the application of the proposed
Predistortion tECHNIGUE. ...t e e e e e e e e e e e amme e e e 60
Figure 3.4: Comparison between Absolute Improvement in ACLR (for Dual Sinusoidal Tone),
for varying length z and for varying input POWET.............ccooiiiiiiiiee e 60
Figure 3.5: Comparison between values of ACLR (for LTE Signal), for varying length z for

0 =10%and = 30%, with and thout the application of the proposed predistortion
(103 0] 010 |01 PPPPPPPPPPPPPPPN 62
Figure 3.6: Comparison between Absolute Improvement in ACLR (f& &ignal), for

varying length z and for varying iNpUt POVBEY............ooeeiviiiiiiiieceiie e ee e 62
Figure 3.7: Comparison between the EVM values (for LTE Signals), for varying length z =0
50kmfor0  =10% and 30%, with and without the application of the proposed
Predistortion tECANIQUE............cooi e aneee e e e aaes 63
Figure 3.8: Comparison between the values of ACLR (for LTE Signal), for varying % of
Adiabatic Chirp for fixed length z = Smfor 0 = 30%,"Q&R.14 GHz, with and without

the appliation of the proposed predistortion teChNIQUE...............vviiiiicecveeiiiiieee e 64

viii


file:///C:/Users/Hadi/Desktop/Tesi%20Dottorato/PhD_Thesis_August.docm%23_Toc18397640
file:///C:/Users/Hadi/Desktop/Tesi%20Dottorato/PhD_Thesis_August.docm%23_Toc18397649

Figure 3.9: The Effectiveness of predistortion in suppressing spectral regrovitlagitvithout
(o0 = Tox (0] o PP PPPPP PP PP PR 65

Figure 3.10: Comparison between the EVM values (for LTE Signals), for varying % of Adiabatic
Chirp for fixed length z=5@m for O o 1 pwith and without the application of the proposed
Predistortion tECANIGUE..........ooi i eeeei e e e e e e e s emmreeeeee e 66

Figure 4.1: DPD identification for ROF UtiliziNg ILA...........uiiiiiiiee e 75

Figure 4.2: Experimental evaluation comprising of DPD training and application phage.

Figure 4.3: LI-V characterization utilized in the evaluation of DPD experiments for SM

Figure 4.4: Normalized Mean Square Error results with varying values of memoryldepth
NONNNEAILY OFAEID ......uvviiieieeiiciiiee et e et eeee e e e e e ettt e e e e e e e ab b e enreeeeeeeens 81
Figure 4.5: ACPR outcomes vs. input RF power1,2,R=1 and) =3 for MP & GMP).....82
Figure 4.6: PS2valuation of output signal without and with DPD (MP/GMFQ 6 &or 1 Km

SSMF with SMVCSEL having: (a)Q=1,R=1,K=3 and (b)Q=2,R=1,K=3........cccccvrrrrr... 83
Figure 4.7: ACPR results vs. varying input signal power using (@andy =3 for GMP) for SM
VECSEL WIth SSIMF ... ..ttt e e e e e e e e et e e e e e e e e e e e e e e e e e s s s mnne e e e e e e e enns 83
Figure 4.8: (a) AMAM and (b) AM-PM plots for SMVCSEL at 1Km of SSMF for 0 dBm of
input RF power with and Without DPD...............coiiiiiiiii i ereeeee e 84
Figure 4.9: EVM results vs. varying input signal power ustng2 and) =3 for GMP) for SM
VECSEL WItN SSIMF ... ettt e e et e e e e e e et mmmeesaa e e e 85
Figure 4.10: Experimental evaluation comprising of DPD training and application plise.
Figure 4.11: EI-V characterization of DPD experiments for MXCSEL..............ccccc...... 38

////////////

Figure 4.13: ACPR results vs. vargimput signal power using €2 andl =3 for GMP) for

MM -VCSEL WIith MIMFE . ...ttt ere e e e e e ennee e 90
Figure 4.14: EVM results vs. varying input signal powsing (0 =2 and0 =3 for GMP) for

MM -VCSEL WIith MIMFE . ...ttt ere e e e e e ennee e 90
Figure 4.15: DPD schematic showing RoF system utilizing Indirect Learning Archite®8re
Figure 4.16: Schematic of Experimental testhed.............ooiiiiiiceer 96
Figure 4.17: Normalized M Square Error results for differanand0............c..cocco....... 97



Figure 4.18: ACPR for varying input power for MP/GMP/DVR.......ccccccoooeiiiiivieeeeee. 97

Figure 4.19: PSD fo0'Q 0 dn the different considered Cases............cccvvvveeeeeieceeeeeennns! 98
Figure 4.20: EVM for varying inpytower for MP/GMP/DVR............cocovuviiiiiiiimmeeeeninnnn ) 98
Figure 4.21: Effect of DVFbased DPD on AM/AM and AM/PM curves for DFB based RoF
[INKS <. e e e e e e e et e e e et naar e e e e e aeeee e e et eeetrrannnnnnreeeees 99
Figure 4.22: Schematic for Dual Channel DPD methodology for RoF System.......... 101

Figure 4.23: Experimental Setup for DFB based RoF link DPD (Training and Testing phase)

Figure 4.24: ACPR improvement for DFB in channel 1 and 2 with using GMP and DVR. (a)
represents channel 1 with GMP. (b) represents channel 2 with GMP. (c) represents channel 1
with DVR and (d) represents DVR with channel2..................ccieii e, 109

Figure 4.25: ACPR improvement for DFB in channel 1 and 2 with using GMP and DVR with

Varying RF INPUE POWET.......eeiiiiiiiiiii e 110
Figure 4.26: EVM improvement for DFB RoF link in channel 1 and 2 with using GMP and
DVR with varying RF iNPUL POWEL..........cooiiiiiieiiiiiieeee et 111
Figure 4.27: Spectral Regrowth of input, output and corrected channels for DFB based RoF
] 112
Figure 4.28: Experimental setup for MMCSEL based MMF for DPD training and testing
PRASE. ... .o eam—— e e e e e e e e e e e e e e ———— 113
Figure 4.30: ACPR improvement for MMCSEL-MMF based RoF link in channel 1 and 2
with using GMP and DVR with varying RF input POWEL...........cccuvvviiiiimeeiiiiiiiiiiieee 115

Figure 4.31: Spectral Regrowth for MMCSEL based MMF RoF link for both channelkl5

Figure 4.32: EVM performance for corrected and uncorrected both channels for DVR and

GIMP @rCRITECIUIES. ....ceeeeeeieiie et et e e e e e e e e e et eeees s e e e e e e e e eeeeeeeeeeessssmnneeeeeeeenennes 116
Figure 4.33: First possible realization of an adaptive predistortion scheme.............. 118
Figure 4.34: Second possible realization of dapaive predistortion scheme................. 119

Figure 4.35: Block diagram of the training phase of the proposed DPD technique for a RoF

system using Indirect Learning ArchiteCtUre...........coooeiiiiiiiiieceiie e 120

,,,,,,,,,,



Figure 4.37: ACPR improvement with proposed DPD technique for varying orders of

nonlinearity order{ ) and memory depthd( ) at 0dBmof input power................. 122
Figure 4.38: Comparison of Output signal without DPD and with DPD for back to back (0 m
length) and 75 nMMF at O dBm input signal POWEL.............cccuvmiiiiiimmmiiiiieeeeeeeee 123
Figure 4.39: Comparison of Output signal without DPD and with DPD for back to back (0 m
length)and 75 m length at @Bminput signal POWEL.........cccoeeeeeeiiiiiiiieee e, 124
Figure 4.40: EVM comparison for DPD and without DPD for vaniing....................... 124
Figure 5.1: Block diagram of ROF SYStEML........ccccvvviiiiiiiiiiiieeme e 132
Figure 5.2: Spectrum of the signal along its sampled versian...............ccccoeeeereiinneee 135

Figure 5.3: Schematic illustration of (a) Frequency spactwf the bandpass sampled LTE

signal (b) Original Bandwidth, of the same LTE signal, including guard bands......... 136

Figure 5.4: Schematic illustrating functions of the ADC.................ovviiicccerieeeeiiiiiin, 137
Figure 5.5: Schematic illustration of aoglinput mapping to digital output code.......... 138
Figure 5.6: Schematic explaining the effect of Jitfer...........ccccoviiiiieec e 141
Figure 5.7: Schematic fOr DAC.... ... e reee e e e e e 143
Figure 5.8: Block diagram of noise sources at different stages of ReDink............... 144
Figure 5.9: BloclDiagram of the EROF liNK..........cooooiiiiiiii e 147

Figure 5.10: Values of EVM vs RF input power are illustrated for both the Analog Channel)
constellatims atd  VQ & care Shown as Well.............ccooveveveriieoeeeeeeeeeeeeee e 149
Figure 5.11: Values of EVM vs fiber lengthare illustrated for both the Analog and the

Digital RoF systems analyzed. PDSCH constellation$ aty riQaareshown as well....150

Figure 5.12: Results for SNR vs. Fiber Length............cooooiimn e 151
Figure 5.13: Results for EVM and SNR as a function of ADC Resolution................. 152
Figure 5.14: Eye Opening Penalty versus Fiber length...............ccooieeiiii e, 152
Figure 5.15: Experimental setup forRDF tranSmMIiSSION...........covvvvviiiieiiiieemeeeiiiieeeeeeeans 154

Figure 5.16: Theoretical vs Experimental SNR for varying ADC resolution.bits........ 155
Figure 5.17: Theoretical versus experimental EVM for different numbers of ADC.bits56
Figure 5.18: Theoretical versus experimental EVM for varying RF input powerkah3@57
Figure 5.19: Theoretical versus experimental EOP for varying fiber lengths............. 157
Figure 6.1: Schematic illustration of (a}RoF, (b) BRoF and (c) PRoF.. .............. 165

Xi


file:///C:/Users/Hadi/Desktop/Tesi%20Dottorato/PhD_Thesis_August.docm%23_Toc18397712
file:///C:/Users/Hadi/Desktop/Tesi%20Dottorato/PhD_Thesis_August.docm%23_Toc18397713
file:///C:/Users/Hadi/Desktop/Tesi%20Dottorato/PhD_Thesis_August.docm%23_Toc18397714

Figure 6.2: Frequency domain for (a) Nyquist rate ADC, (b) the aliasing effect, and (c)

oversampling ADC YL CONCEPL).......ov oottt 166
FIQUIE B.3: BP ... et e e e e e e e e e amn e e e e e e aaaas 167
Figure 6.4: Frequency domain model of Second oY8eStructure. ..............ocvcveveevenenes. 169
Figure 6.5: Frequency response of Second QfNEStIUCIUTE. ..............ceeveveveerieeeeeerannnn. 170

Figure 6.6: Simulation setup for Sigma Delta Radio over Fiber sySBi: Sigma Delta

Modulation. PPG: Pulse Pattern Generation, BPF: Band Pass Filtering.................... 170
Figure 6.7: EVM performance for varyingrabol rate for varying fiber lengths............ 171
Figure 6.8: EVM performance for 20n at (a) 25 Mbd and (b) 100Mbd........................ 172

Figure 6.9: EVM performance for varying symbol rate for varying fiber lengths........ 172

Figure 6.10: ACPR performance for varying RF input power and varying fiber lengthg3

Figure 6.11: 2 stage MASH bas¥l StIUCIUTE............c...ceevevereieeeereeeeseeeeseeseen e ieenss 174
Figure 6.12: Experimental Bench for Sigma Delta Radio over Fiber system............. 176
Figure 6.13: EVM performance for varying symbol rates and fiber lengths................ 176
Figure 6.14: EVM performance for varying input powers and fiber lengths................ 177
Figure 6.15: ACLR performance for varying RF input POWET..............euveeeeiieecivvnnnnnne 177
Figure 6.16: EOP versus Fiber length faBmof input pOWer..........cccccoovviviiiiiiiccee e, 178
Figure 6.17: Experimental telséd for real time implementation of Sigma Delta Radio over
10T SIRS V] (=] o S PPPPPUPPUPPRTPN 180
Figure 6.18: EVM performance for varying input powers for all channels with minimum and
Maximum lINK 1eNGEN.......ooo e 182
Figure 6.19: (a) EVM performance for varying symbol rate lengths........................... 183
Figure 6.21: ACLR vs input power for varying lengths..............ccccooiiiieeeccceen 184

Xii


file:///C:/Users/Hadi/Desktop/Tesi%20Dottorato/PhD_Thesis_August.docm%23_Toc18397729
file:///C:/Users/Hadi/Desktop/Tesi%20Dottorato/PhD_Thesis_August.docm%23_Toc18397734
file:///C:/Users/Hadi/Desktop/Tesi%20Dottorato/PhD_Thesis_August.docm%23_Toc18397734

LIST OF TABLES

Table 21: Overview of the linearization techniques implied for RoF transmission........ 17

Table 31: Paramadrs utilized in the formulation of simulation results.................cccceeeee. 59
Table 32: Parameters of the LTE Signal Utilized..............cooovvriiimer e 61
Table 33: Linearization Performance for adiabatic Chirp (Minimum and Maximum Val6@s)
Table 41: SysStem Parameters........coooiiiiiiiiiiiiicme et s e e e e e e e e e e eneas 79
Table 42: Linearzation performance for proposed DPD..............cccuuiviimmmnniiiiiiiiiiiieeee 85
Table 43: System Parameters utilized in MMCSEL-MMF based RoF system................ 88
Table 44: Linearization performance for proposed DPD for MMESEL-MMF................... 91
Table 45: Comparison among the utilized DPD modelsRa=0dBm..............cccccvrrrrnneen. 99
Table 46: Linearization performance for DFB based direathpdulated Rofinks............ 111
Table 47: Linearization performance for an input power @Bm ...............ccoooiiiiiiieeenn. 125

Table 51: Summary of different noise sources, with their expression and assumptiodst5

Table 52: Parameters utilized in the simulation of the Optical Link..................ccoeeeeeiee 148
Table 53: Summary of the analytical and experimental bench f®ob........................... 158
Table B1: Parameters ValUL...........cooiiiiiiiiieieeee ettt e e e e e 171
Table 62: Performance Evaluation for 20 Km-&tdBm...............ccooiiiiiiiieeniviie 173
Table 63: Performance Evaluation ParameterS.......ccccccvviiiiiiiecceiieeeeeeeeeeeeeeeeeen 175
Table 64: Performance Summary-&dBmfor 400 Mbd...............oorviiiiiiii e 178
Table B5: SYStemM PAramMEtEIS.........uuuuuueiiie et et e e e e e e e e e e e eeaemmasasaaeeeeeeeeeaeeeeeeeenenns 181
Table 66: Performance Evaluation atBmfor 100 MBd.............ccccccvvviiiiiiieeeniiiiiiinnee. 185

Table 71: Summary of RoF Transmission Topics Discussed in this Dissertation....... 192

Xiii


file:///C:/Users/Hadi/Desktop/Tesi%20Dottorato/PhD_Thesis_Oct_DRAFT.docm%23_Toc27505314
file:///C:/Users/Hadi/Desktop/Tesi%20Dottorato/PhD_Thesis_Oct_DRAFT.docm%23_Toc27505317

LIST OF ACRONYMS

ACLRAdjacent Channel Leakage Ratio

ACPR Adjacent Channel Power Ratio

ADC Analogto-Digital Converter

AM Normalized Magnitude

ANN Atrtificial Neural Network

A-RoF Analog Radio over Fiber

B2B Backto-Back

BBU BaseBand Unit

BPF Band Pass Filter

BTS Base Transceiver Station

BW Bandwidth

CO/BTS Central Office / Base Transmit Station
CPRI Common Public Radio Interface

CRAN Centralized/Cloud Radio Access Network
DAC digital-to-analog converter

DAS Distributed Antenna System

DFB Distributed Feedack

DFT Discrete Fourier Transform

D-MBFH Digital Mobile Front Haul

DPD Digital Predistortion

XV



DPDT Direct Digital Predistortion Technique/ Direct Predistortion Technique
D-RoF Digital Radio over Fibe

DSO Digital Signal Oscilloscope

DSP Digital Signal Processing

DVR Decomposed Vector Rotation
EAM ElectraAbsorption Modulator
EEL Edge Emitting Laser

EO EyeOpening

EOH Eye Opening Height

EOP Eye Opening Penalty

EVM Error Vector Magnitude

FH FrontHaul

FFNN Feedforward neural network
FTTH FiberTo-TheHome

FWHM Full Width Half Maximum
GMP Generalized Memory Polynomial
GSM Global System for Mobile

IF Intermediate Frequency

IMDD Intensity Modulation Direct Detection
LD Laser Diode

LMS Least Means Square

LNA Low Noise Amplifier

LTE Long Term Evolution

XV



MFH Mobile FrontHaul

MMF Multi-Mode Fiber

MP Memory Polynomial

MQWs Multi-Quantum Wells

MZM Mach-Zehnder Modulator

NMSE Normalized Means Square Error
NN Neural Network

NSD Noise Spectral Density

NTF Noise Transfer Function

OFH Optical Front Hauls

OMI Optical Modulation Inde

OTx Optical Transmitter

PAPR Peakto-Average Power Ratio

PD PhoteDiode

PDSCH Physical Downlink Shared Channel
PIN P-dopedintrinsic-N-doped

PM Phase Magnitude

PSDPower Spectral Density

QAM Quadrature Amplitude Modulation
QPSK quadrature phase shift keying
QW Quantum Well

RAN Radio Access Network

RAP Radio Acces®oint

XVi



RAU Remote Access/Antenna Unit

RF Radio Frequency

RIN Relative Intensity Noise

RLS Recursive Least Squares

RoF Radio over Fiber

RRH Remote Radio Head

RRU Remote Radio Unit

RTx Radio Transmitter

SDM Sigma Delta Modulation

S-DRoF Sigma DeltaRadio over Fiber

SM SingleMode

SMF SingleMode Fiber

SNOM Scanning Neafield Optical Mapping
SNR Signatto-Noise Ratio

SSMF Standard SingkMode Fiber

STF Signal Transfer Function

UL Uplink

UMTS Universal Mobile Telecommunications Service
VCSEL Vertical Cavity Surface Emitting Laser
VNA Vector Network Analyzer

VSA Vector Signal Analyzer

VSG Vector Signal Generator

WAN Wide Area Network

XVii



WLAN Wireless Local Area Network

WiFi Wireless Fidelity

WIMAX Worldwide Interoperability for MicrowavAccess
WDM Wavelength Division Multiplexing

ZOH Zero Order Hold

3G Third Generation

4G Fourth Generation

5G Fifth Generation

BY{ Sigma Delta Modulair

XVviii



Chapter/1

Introduction

The contents of this chapter are takpartially from A2, where we presented the

characterization andeviewof different Radio over Fibesystems.

1.1 Introduction

The fifth generation (5G) technology is envisaged to provide faster internet
acces with low latency, cost effectiveness and pervasive mobile covetrdge 3].
The increasing demand of Interretnnected smartphones, tablets and other gadgets
are leading towards the explosive growth of mobile data traffic. This has made
mobile fronthall (MFH) networks as the data rate bottleneck of user experience. To
enhance the capacity and coverage of mobile data networks, the next generation
MFH is expected to support the coexistence of multiple mobile services from various
radio access technologi€éRATS), such alsong Term Evolutionl(TE) signals.etc.
Radio over Fiber (RoF) is a pertinent technology to deal with exorbitant requirement
of bandwidth multivariate wireless services both for outdoor and indoor scenarios
[1.4-1.6] and isregarded as a significant technology for the next generation networks
[1.7]. In particular, RoF technology can provide an essential platform for building
centralized/cloud radio access networkR&N) which should be able to control the
centralized base bd units (BBU) coming from different base stations and remote
radio heads (RRHsL[8].
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Figurel.1: Basic GRAN architecture showing optical fronthauls (OFHS)

The interconnectivity of these BBUs with RRHs is economically viable with the

di stribution net wo rlo1.kOh dhesRoF eechnotodyesthénf r ont h
a suitable candidate for the fronthauling due to its inherent capillary properties.
Figurel.1 shows the €RAN utilizing optical front hauls (OFHS).

In addition to the advantages coming from the wuse of the
optical fiber asa transmission channel, like extremely broad bandwidth, immunity
to electromagnetic interference and large transmission distances, an additional
attractive feature lies in the agnosticism of RoF systems concerning the particular
transmission modulation forat, which makes them intrinsically futupeoof.
Nonetheless, the drawbacks of these systems can be presented through the
presence of distortion that can possibly lower the performances. These impairments
are caused by imperfect linear behavior of laphgto detector and optical fiber.

or due to the combination of fiber chromatic dispersion and spurious phase signals
generated by the laser source (also called frequency chifd)].[ Similarly, since

RoF transmission is based on optical subcarrier mobdajatherefore, it is

susceptible to nonlinear distortion.

To avoid these issues, an alternative solution can consist in the Digital Radio over
Fiber (D-RoF) techniquell.12]. Transmitting digital data mitigates the Aorearity

issues at both the trangter and receiverdf 13].



Similarly, the phase relation between many RRHs does not remain steady and
spectral efficiency decreaseisl4]. More recently, Delt&igma modulation has been
proposed as a new digitization interface for a digital fronthaak [i1.151.16].
However, these systems require expensive, higffiient and high sampling rate DSP
circuitry to achieve the performancel7]. Therefore, to utilize the-RoF technology
while applying an efficientethodology to alleviate the inherambnlinearities can
represent a reasonabdhoice. Different topologies of RoF are discussed in the

following section.

1.2 Radio over Fiber Architectures

In this section, differemtadio over fiber topologies are compared. The idea is to
explain the differencein the topologies of the different RoF architecturegurel.2
shows a possible scenario for the comparison of different RoF architectures.

The typical schematic framework of anROF architecture system at the dewn
stream link is shown ifrigure1.2. In the most typical case, the baseband signal is
upconverted to an RF signal. The RF signal is then converted to an optical signal in
the electical to optical (EO) conversion block and transmitted through the optical
link. At the receiver, optical to electrical {E) block retrieves the received RF signal
back to electrical domain. This signal is then transmitted through the antenna after
perfoming filtering and amplification. The link explained is called in literature as
Intensity Modulation Direct Detection (INDD) Analog Radio over Fiber @RoF). In
particular, the intensity of optical power produced by the laser is directly modulated
by theuseful RF signal, while the output RF current of the pluai@ctor (PD) is
produced by the optical power which is directly absorbed by the PD. Moreover, the
transmission is performed in the analog domain, or rather, without the usage of any
Analogto-Digital Converter (ADC) to convert the RF signal in the digital domain
[1.18-1.22]

However, the AROF is liable to noise and distortidae to nonlinearities, which,
in general, are generated both, at the transmitter and receive[lskie$.26] The

otherpossible architecture is Digital Radio over Fiber. The architecture is similar to



A-RoF, however, after the frequency -apnversion, analog to digital (ADC)
converter is present which convetiti® analog signal to digital on®n the other hand,
Digital mobile fronthauls (EMBFHs) based on the Digit&adio over Fibe(D-RoF)
technique are not affected by the nonlinear effects typical -8R systems1.12
1.131.27. In Figure 1.2, considering the blue {RoF) branches, a typical-RoF
architecture cabe visualized.

The common public radio interface (CPRI) that was proposed by the CPRI
cooperation, Nokia, Bell Labs, Ericsson, Huawei, Orange and NEC, was adopted as the
D-MBFH interface [L.28. However, when CPRI was employed aigitization interface
developed for narrowband radio access technologies (RATS), such as UMTS (CPRI
version 1 and 2), WiMAX (version 3), LTE (version 4) and GSM (version 5), due to its
limited spectral efficiency, it had limited scalability. Moreoveralgéo requires a very
high data traffic in the fronthaul network segment, immyihe use of expensive high
performance analetp-digital and digitalto-analog convertersl[14. Therefore, an
alternative solution, which can overcothese bottlenecksould be desirable.

This solution can be pursued by employing Sighnal t a ( E@) Modul ati or
in this way a technique which can be called Sigppa| t a Radi o-RoRmand Fi br e
can combine the advantages of bot#RAF and DRoF.An example of ralization ofa
E gRoF system can still be appreciatedFigure 1.2, considering the redZ(gRoF)
branches. t can be obs e ReFesysternsh the signah befora beindgZ g
converted t o t he Optical domai n by t he (@)
modulation. This operation, exploiting a highspeed digital oversampling of the
modulating signal with -bit resolution, allows to reach a high immunity to non
linearities. At the same time, it realizes thecatled operation of noise shaping, which

places most of the noise power out of the signal bandwiti2o-1.32].

As shown inFigurel.2, at the receiver end, after the optittaklectrical conversion,
performed by a photodetector, a bgrasbs filter (BPF) guarantees the correct digial
analogue coversion of the signal as well as the spectral emission requirements, by
filtering the outof-band quantization noise.



|t can t hen be eRois &chrique proves garticularty e 70 o)
convenient in the realization of the fronthaul downlink, wherme tilansmitting
section is located at the BBU, while the receiving section is at the RRH. Indeed, the
cost of the Emp modul ator can in this way
structure is maintained simple, without the installation of active dekcdiswing
the same idea, solutions for the fronthaul uplink which can maintain the RRH simple

configuration should be pursued, not excluding thea¥ one 1.32].
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e
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Figurel.2: Essential schematic illustration ofRoF, DRoF and SERoF downlinksNote
that the SBRoF scheme can also be implemented swapping the positionsBigfi©D
block and of the Freq. Upconv. Block.



1.3 Aims of the Thesis

The main aimand contribution ofthis thesisaretwo fold. Firstly, © exploit different Radio

over Fiber systemfor the fronthaul applications. ParticularlyAnalog Radio over Fiber are

simplest and suffer from nonlinearities, therefaapplying linearization methods to Analog

Radio over Fiber systenis studied and implemented in first half of thesifien,there is still a

possibility toexploit the otherealization of RoF namelg digital radio over fiber isliscussed

anddesignedLastly, in light of disadvantages coming fromR®oF and DROF, it is still possible

to take the advantages from both methodsiamdement a more recent form knows as Sigma
Delta RoF.

Thespecific objectivesf the thesisare listed below.

1.

2.

3.

4.

To developanovel predistortion methodology that linearizeslihle impairments in long
haul Analog Radio over Fiber links caused duedaimbined effect of laser chirp and fiber

dispersion.

To develop anovel predistortion linearization technique based on indirect learning
architecture for improving the nonlinearities issue in Analog Radio over fiber links based
on Vertical Capacity Surfac Emitting Laser§VCSELS) or Distributed-eedbackKDFB)
lasers. Linearization methodologies are shown not only for single but-chahinel

scenarios as well.

To design and implemeaatDigital Radio overFiber System for medium range length and

compare its performanae@th Analog Radio over Fiber links.

To realize a Sigma Delta Radio over Fiber System which intermixes the advantages of
both, ARoF and DBRoF links. Different sigma delta modulation structures are

implemented, and performance methodologies are evaluated. Particularly, a real time
Sigma delta RoF link is designed where FPGA is used to implement sigma delta

modulation followed by performance evaluation.



1.4 Thesis Outline

This thess is organizednto sevenchaptes, and its comprehensive overvigsvdepictedin

Figurel.2.

U Chapter 1 discusses the main context of the thesis followed by the main contributions
added through this thesis. It introduces the radio over fiber (RoF) technology. A brief

summary of different RoF topologies are discussed. The aim of the thesis is discussed.

0 Chapter 2 discusses the literature review of previous linearization techniques
developed for Analog Radio over Fiber syst@iiferent architectures developed in
Digital predistortiorare discussed. Chapter also includes the literature review of DPD

identification process and DPD models that have been proposed up till now.

U Chapter 3 proposes a predistortion technidoelinearizing Analog RoF linke/hich
correcs the link impairments caused due to combined effect of laser chirp and fiber
dispersion. The proped techniqués independent ahe lasemodel which makes it
salutary in terms of adapting to other possible laser modéls.mathematical
framework of theproposed technique anits implementation is discussedhe
predistortion is applied firstly tarsusoidal signals and then to LTE standard signals.
As a figure of merit, the effects of the proposed operation are reportthlyging
the Adjacent Channel Leakage Ratio (ACLR) and Error Vector Magnitude (EVM) of
the received signal.

U Chapter 4 discusses linearization techniquessed on indirect learning architecture.
Two class of links are linearized i.e. Vertical Capacity Surface tigit_asers
(VCSEL9 and Distributed Feedback LaseDFB) based RoF linksVolterra
polynomial structures such as memory polynomial (MP) and generalized memory
polynomial (GMP)methodsare proposed for linearizing Radio over fiber links.
Similarly, a noveldemonstration is shown for dual channel transmissioere each
channel nonlinearities are reduced with the DPD models proposed in this chapter.
Finally, a feedback approximation methodology is proposédith is a possible

implementation of a digital prextorter in adaptive form.



U Chapter 5 discusses another class of RoF system which is called as Digital Radio
over Fiber system. The chapter introduces the need and importadiggtaif RoF
system. It is discussed that Digital RoF is a good option to switch from Analog RoF
to Digital RoF. Analytical model is proposed and it is shown that a better error free
transmission is obtained for digital RoF as compared to Analog RoF. &hen,
experimental validation of this analytical model is presented which proves that the
proposed digital radio over fiber system is an optimized version that uses less number
of ADC resolution bits.

U Chapter 6 discusses another class of RoF system whictalled asSigmaDigital
Radio over Fibe(S-DroF) system. The chapter introduces the need and importance of
Sigma deltaRoF systeman auxiliary methodthat amalgamates the advantages of A
RoF and BROoF. It discusses the basics of sigma delta modul&t{( ). The need of
power hungry antiigh-speedigital to analog converter (DAC) required inRbF is
replaced by 8 Y0 . It describeghe different architecturethat have been proposed
The analytical modelwith simulation is shown andhen experimental setup is

discussed.

U Chapter 7 concludesand discussese overall findings of the thesis. It also highlights

the extension of the work that chathe object of future researelativity.

The comprehensive overview of the thesis is showngarel.3.



Thesis Abstract

-

Introduction
Chapter 1

-

Literature review of
existing linearization
techniques

Linearization Methods
for Analog Radio over

Fiber systems

Context of the work

Radio over Fiber
Technology

Aim of thesis

Chapter 2

-

Development of DPD for
single mode and multi
mode VCSELs using
memory and
generalized memory
polynomial structures

Direct Digital
Predistortion for
compensation of

nonlinearitiesin Radio
over Fiber links

Behavioral modeling for
linearizing the distortion
effects created due to
combination of laser chirp
and fiber dispersion

¥

Chapter 3

DPD for DFB based RoF

-

Implementation for
Performance Analysis with
sinusoidal tone and LTE
signals

links using decomposed
vector rotation and
Volterra models

2

DPD for Dual channels

Digital Predistortion
(DPD) for Radio over
Fiber systems using
Indirect Learning
Architecture
Chapter 4

for DFB and VCSELs
based RoF links

-

¥

Realistic DPD Method
Approximation

Digital Radio over Fiber
Systems
Chapter 5

VP| based model
developmentincluding
all nonlinear signal
impairments

-

2nd order SD modulator\

based sigma delta radio
over fiber (S-DROF)

system >_

Sigma Delta Radio over
Fiber Systems
Chapter 6

MASH based S-DRoF
system

Real time
implementation of

S-DRoF system _/

-

Conclusion

Experimental Validation
of analytical proposed
model

Figurel1.3: Comprehensive overview of the thesis



References

1.1C. Ranaweera, E. Wong, A. Nirmalathas, C. Jayasundara and C. Lim,-Fo&ENCGNith
Optical Fronthaul: An Analysis From a Deployment Perspective]bimnal of Lightwave
Technology, vol. 36, no. 11, pp. 262968, 1 Junel, 2018.

1.2Chi na MoRAN et,heiCroad towards green RAN (v
2011

1.3A. Gupt a et al ., A A Survey of 5G
Emerging Technol ogi es, 61232R&81k). Access, Vol

1.4M.C. Parker, et al. "Radioverfibre technologies arising from the Building the future
Optical Network in Europe (BONE) project,” IET Optoelectronics, 4(6),.122%9, 2010

1.5D. Vi sani -@AM CanstellationfForddtsFoNDMT Overrhm Core Diameter

Pl astic Optical Fibero, | EEE -PrBo20ldni cs Te
1.6M. Mor ant , R. LI orente, i P e r-dcaess mpravisiorein a nal y
multicoref i bre optical fronthaul o, 1A@/ti cs Comm

1.7Y. Shi et al., "Ultrawideband Signal Distribution Over La@ere POF for IrHome
Networks," IEEE/OSA J. Lightw. Technol, vol. 30, pp. 28882, Sept. 2012.

1.8K. Y. Lau, "RF transport over optical fiber in urban wireless infrastructures," in IEEE/OSA

Journal of Optical Communications and Networking, vol. 4, no. 4, pp3386April 2012.

1.9Hadi, M., Jung, H., Traverso, P., et al. (2019). Digital Radio Frequency Transport over
Optical Fiber for 5G Fronthaul Links. Journal of Optical Communication$, 9g0- Apr.
2019, from doi:10.1515/je20130051



1.10Hadi, M., Hadi, M., Aslam, N., et al. (2019). Experimental Demonstration of MASH
Based Sigma Delta Radio over Fiber System for 50! Downlink. Journal of Optical
Communications, 0(0), pp- Retrieved 3 Feb. 2019, from doi:10.1515/j@0130011

1.11G. Meslener, "Chromatic dispersion induced distortion of modulated monochromatic light
employing direct detection,” in IEEE Journal of Quantum Electronics, vol. 20, no. 10, pp.
12081216, Oct 1984.

1.12Muhammad UsmaHadi, Hyun Jung, Salman Ghaffar, Pier Andrea Traverso, Giovanni
Tartarini, Optimized digital radio over fiber system for medium range communication,
Optics Communications, Volume 443, 2019, Pages-18BA, ISSN 0031018,
https://doi.org/10.1016/j.0ptco2019.03.037.

1.13P . A Gamag e, A Nirmal at has, C. Lim,
analysis of digitized Riover-f i ber l inks, o | EEE
Technol., vol. 27, p. 2052061, June 2009.

1.14Haddad, A.; Gagnaire, M.: RadaverFiber (RoF) for mobildackhauling: A technical
and economic comparison between analog and digitized RoF. Int. Conf. Opt. Netw. Design
Modeling,pp. 132137 (2014)

1.15L. Breyne, G. Torfs, X. Yin, P. Demeester and J.Bauwelinck,"Comparison Between
Analog RadieOverFiber and Sigma Deit Modulated RadioOveFiber," in IEEE
Photonics Technology Letters, vol. 29, no. 21, pp 18881, 1 Nov.1l, 2017. doi:
10.1109/LPT.2017.2752284

1.16Hadi, M., Aslam, N. & Jung, H. (2019). Performance Appraisal of Sigma Delta Modulated
Radio over Fiber System. oudrnal of Optical Communications,
0(0), pp.-Jan. 2019, from doi:10.1515/k20180227

1.17Hadi, M., Hadi, M., Aslam, N., et al. (2019). Experimental Demonstration of MASH
Based Sigma Delta Radio over Fiber System for 5BATI Downlink. Journal of Optical
Comnunications, 0(0), pp- Retrieved 27 Feb. 2019, from doi:10.1515/28190011

1.18Y. Shi ; D. Visani ; C.M. Okonkwo ; H. Yang ; H.P.A. van den Boom ; G. Tartarini ; E.

Tangdiongga ; A. M. J. Koonen AFirst demons

11



corePOF employing UWB forith o me net wor ks, o0, 2011 Optic
Conference and Exposition and the National Fiber Optic Engineers Conferencg, pp 1
(2011)

1.19Y. Shi et al., "Ultrawideband Signal Distribution Over La@ere POF for IiHome
Networks" in Journal of Lightwave Technology, vol. 30, no. 18, pp. 28062, Sept.15,
2012.

1.20S . Jang, G. Jo, J. Jung, B. -okea rilder, and
transmission based on legpass deltas i gma modul ation, 06 | EEE P
Letters, vol.26, no. 24, pp. 2482487, Dec 2014.

1.21Draa, M.; Hastings, A.; Wiliams, K. Comparison of photodiode nonlinearity
measurement systems. OSA Optics Expr. 2011, 19, 12@885.

1.22Chen, Z.; Yan, L.; Pan, W.; Luo, B.; Zou, X.; Guo, Y.; Jiang, H.; Zhou, T. SFDR
enhancement in analog photonic links by simultaneous compensation for dispersion and
nonlinearity. OSA Optics Expr. 2013, 21, 20922009.

1.23Haas, B.M.; Murphy, T.E. A simple, linearized, ph&sedulated analog optical
transmissiorsystem. IEEE Photon. TeabinLett. 2007, 19, 72%31.

1.24Zhu, R.; Zhang, X. Linearization of Rad@verFiber Systems by Using Two Lasers with
Different Wavelengths. In Proceedings of the 2014 IEEE MbTThternational Microwave
Symposium (IMS), Tampa, FL, USA] @ June 2014

1.25Ghannouch F.; Younes, M.; Rawat, M. Distortion and impairments mitigation and
compensation of singleand multiband wireless transmitters. IET Microw. Antennas
Propag. 2013, 7, 51834.

1.26Duan, R.; Xu, K.; Dai, J.; Cui, Y.; Wu, J.; Li, Y.; Dai, Y.; Li, J. Linegrimprovement
based on digital signal processing in intensitydulated analog optical links incorporating
photonic frequency down conversion. In Proceedings of the Optical Fiber Communication
Conference and Exposition, Los Angeles, LA, USP8 6larch 2012

12



1.27Christina Lim, Ampalavanapillai (Thas) Nirmalathas,-Kian Lee, Dalma Novak, Rod
Waterhouse, Waterhouse intermodulation distortion improvement fori fdsko
applications incorporating OSSB+C modulation in an optical integatedss
environment, J. Ligtwave Technol. 25 (2007) 160612.

1.28Common Public Radio Interface (CPRI) Specification V7.0 (2005
09).http://www.cpri.info/downloads/CPRI_v_7_0 20616-09.pdf

1.29Luis M. Pessoa, Joana S. Tavares, Diogo Coelho, and Henrigue M. Salgado,
"Experimental evalugon of a digitized fibemwireless system employing sigma delta
modulation," Opt. Express 22, 17508523 (2014)

1.30L. Breyne, G. Torfs, X. Yin, P. Demeester and J. Bauwelinck, "Comparison Between
Analog RadieOverFiber and Sigma Delta Modulated Ra@werFiber," inlEEE
Photonics Technology Letters, vol. 29, no. 21, pp. 1B8Bl, 1 Nov.1, 2017doi:
10.1109/LPT.2017.2752284

1.31l. C. Sezgin, J. Gustavsson, T. Lengyel, T. Eriksson, Z. S. He and C. Fager, "Effect of
VCSEL Characteristics on Ultldigh Speed SigaDeltaOver-Fiber Communication
Links," in Journal of Lightwave Technology, vol. 37, no. 9, pp. 22029, 1 May1, 2019.
doi: 10.1109/JLT.2019.2898270.

1.32M. U. . Hadi , P.. A. Traver so, G. Tartarini, H.
Delta Radio oer fiber system for S G®AN downl inko, | CT Expres
June 2019

13



Chapter 2

Linearization'Methods foAnalog Radio over Fiber

Transmission:Systems

This chapterpresentsthe literature review of previous linearization techniques
developed for Analog Radio ovéiber system.Then, Digital Predistortion(DPD) is
discussed in detail followed by the different architectures utiliZéis Chapter also
includes the literature review of DPD identification process and DPD models that have
been proposed up till now

2.1 Introduction

Suppression of nonlinearities that arise iARAF is the key for the successful
application of RoF transmissiont is important to identify the causes of these
nonlinearities. In general, ndimear distortion in RoF transmission occur due to

nonlinear chracteristics of microwave and optical transmission in the RoF systems.
The main sources of nonlinearities in the RoF based-fraat are the following:

1. Signal Impairments of Optical Modulation at optical transmitter (OTx)

2. Nonlinearities of RF power amplification at radio transmitter (RTx)

3. Fiber Dispersion

4. Combination of laser chirp and fiber dispersion

5. Other possible components such as low noise amplifiers (LNA),

photodiodes, etc.
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Figure2.1: RoF uplink and downlink schematic

For RoF downlinks inFigure 2.1, the main sources of nonlinearities stem from
optical subcarriemodulation at baseband unit (BBU) and RF power amplifier at remote
radio head (RRH). Whiléor RoF uplinks, the main sourceénonlinearities originate
from optical subcarrier modulation at RRH. The rest of the componentmaustuce
nonlinearities, but typicallgrevery small compared to the aboWe order to minimize
the nonlinearitiesi RoF transmission, different methodologies have been proposed that
comprises otlectrical and optical linearization methods. They have been summarized

in the block diagram below iRigure2.2.

Analog Digital
g | Electrical - Pre-distortion
= Digital
_g s Digital
E | Post-distortion
q:’ Mixed Polarization
—1  Optical Dual Wavelength

Others

Figure2.2: Summary of linearization techniques
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The literature review of linearization techniques is presented below in TabMeiat.

linearization techniques implied for RoF transmission are summarized.
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Sr.
No.

Authors

Draa et at
Chen et al
[2.18 2.19

Hass et al
Hraimel et al
[2.20, 2.2]]

Zhu et al
[2.22]

Ghannouchi
et al2.23

Table 2-1: Overview of thelinearization techniques implied for RoF transmission

Type of

linearization

Electrical

Optical

Optical

Digital

Sub-category Evaluated
guantities
Analog IMD3

Predistortion

Mixed Second or third

Polarization  order nonlinear
distortions

Dual Second or third

wavelength  order nonlinear
linearization distortions
(DWL)
Digital Pre  Third order
distortion nonlinearities
(DPD)

Linearization

Complete RoF system
(Laser, photodiode,
LNA)

Complete RoF system

Complete RoF system

Power Amplifier

Advantages
Disadvantages
Maintenance of phase fc Difficult to have suppression of secor
generated IMD3 component: order nonlinear distortion for large
bandwidth.

Suppression of second ary RoF transmission should k
third order nonlinearities polarization dependent.
1 Compression of linear components

some extent.

Suppression of second ar Wavelength dependent transmission
third ordernonlinearities suppression of nonlinear components o
if wavelengths are anpihase to each othe

Wideband linearizatior 1 Complicated DSP required

achievable 1 Power consumption is huge



Duan et al Digital
[2.24)

Peiet al Digital
[2.25
Lamet al Digital
[2.26]

DPD ACPR, EVM

DPD ACPR

Digital Post ACPR, BER
Processing
(DPP)

Laser

Laser/ RoF

RoF

18

Additional accuracy with les: Complexity and calculation time for digite
DSP requirements linearization is high for higher nonlineari

order and memory depth.

15 dB higher suppression i Feedback complexity.
ACPR

All order nonlinear distortion §  High speed digitizer required.

components compresse Applicable to uplinks only.

significantly. f DPP to be deployed at RRH side, whi
means price of thprototype has to b
passed to the customer side, which
undesirable and also will add high

complexity to the RRH.



8

Hekkalaet al

[2.27]

Hadiet al
[2.28

Digital

Digital

DPD

DPD

ACPR, EVM Laser only

C/HD2,
IP3

Less complexity and ove q
head q

M

[IP2, Combination of fiber Linearizes links up to tens c q

dispersion and laser chir km.

19

0.3% improvement in EVM.

No link length considered.

DPD done using intermedial
frequency.

RoF link was not composed of lase
fiber-photodiode only. Attenuators ¢
amplifiers were used, may be the sigi
impairments corrected were due
these components.

Limited to sinusoid input sitals

Limited to sinusoidal (single, dua
input tones.
No EVM, ACPR shown



10

11

12

Vieira et al. Digital
[2.29
Hekkalaet al. Digital
[2.30
Mateo et al. Digital
[2.3]]

DPD

DPD

DPD

EVM
ACPR, BER
EVM, ACPR

Laser

Laser

RoOF system

20

Utilization of OFDM signal § Only magnitude (AM/AM)
with 5 MHz bandwidth linearization shown.
1 RoF link is not generic, RoF linl

contains 10 dB attenuator.

Utilization of OFDM signal Joint compensation proposed for PA a
with 12.5 MHz bandwidth RoF which results in reduction i

improvement.

Utilization of LTE 20 MHz § RoF link is not generic. Contains sign
signal. amplification by LNA and a PA.
1 Feedback for 10 km length is
unrealistic, requires a uplink for th
linearization of downlink.



13 Mateo et al. Digital
[2.32]

14 Mateo et al. Digital
[2.33

15 Roselli et al. Electrical
[2.34]

16 R. B. Childs Electrical
et al.[2.35]

DPD

DPD

Analog

predistortion

Analog

predistortion

NMSE, ACPR

ACPR, EVM

IMD3

IMD3

RoF system

RoOF system

Laser

Laser

21

Utilization of LTE 20 MHz { PSD of output with and without DPD |

with 16 QAM modulation

Linearization considering

idealand nofeedback

Maintenare of phase foi

generated IMD3 component:

Accurate correction

not at the same Ilevel afte
normalization, DPD has reduced tl
bandwidth of the signal.

1 DFB laser has not been pushed

higher RF input powers in order to s

the efficacy of the predistorter.

Results are attenuation dependent i.e. v
proper attenuation using differel
optimization algorithms, similar results 1

ideal case can be obtained.

Difficult application to large scale
production because every single RoF
transmitter requires a variant

predistorter.

Difficulties to synthesize arbitrary tnafer

functions in the time domain.



.Simultaneous correction of both, seco
and third order is not possible due
coupling between different paths.

17 Veiga et al. Electrical Analog IMD3 Laser Phase maintenance iseasy To compensate arbitrary bandwid

[2.36] predistortion limitation in the frequency domain
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Apart from the techniques summarized in Table Bedtailed explanation of the possible
techniques is discussed. Linearization methods based on optical technologies such as feedforward
[2.37-2.42], cascaded SOA and MZN2 43-44], light injection cross modation [2.45-2.48] and
dualparallel modulation 7.49-2.54] suffer from expensive optical components, complicated
system design, and more importantly, precise control/matching requirement of amplitude, phase,
or bias, which severely prevent them from @agplication. Predistortion technique, on the other
hand, featuresimple and lowcost implementations, which only needs a block of predistorter
beforethe transmitter to preompensate the nonlinear channel response, and can be realized in
electrical domai without expensiveptical components. Given the static dmghly predictable
nature of MFH networks, as well as the limited system budgetedss networks, predistortion

is considered as one of the most esf§é¢ctive solutiongo linearize analog MFH

Predistortion can bapplied in either analog or digital domain. For analog predistortion,
exponential transfer characteristics of dioded CMOS circuitscan be exploitetb form desired

nonlineartransfer function tdinearizeMFH channel response.

In general, any transmission impairments can be modeled as nonlinear distortion with
memory effect, wherehe nonlinear distortion captures the dependence of channel transfer
function on input amplitudes in the time domawhereas memory effect is contributed by the
bandwidth limitation in the frequency domain. For analog predistortion, the teemical
challenges are the difficulties to synthesize arbitrary transfer functione trme domain, and to
compensate arbitnabandwidth limitation in the frequendomain.

Withal, predistortion haarother form that can be carried out in digital form too. Digital
predistortion first transforms the input analog signals to digital domain by
ADC, and after DSP the processed signare transformed back to analog domain
by DAC. Enabled by the advancement of DSP technologies, the challenges of analog
predistortion can be easily addressed. In the time domain, arbitrary transfer functions can be
synthesized; in the frequency domain, bimary memory effects can be

addressed by frequency equalization enabled by FFT/IFFT.



Some functions that awfficult or even impossible to achieve with analog diodes can be
easily realized byDSP. The only constraint of digital predistortion is thhegessing speed,
which islimited by the speed and power consumption of input/output ADC/DAC.

In this chapter, a literature review is presented for digital predistortion (DPD) techniques
that linearize the analog mobile front haul. Secoadiscusseshe operating principles of

DPD. Section 2.3 presents the evaluation performance parameters

2.2 Operating Principles

The principle of DPD exploits an inverse and nonlinear profile as that of the Radio over Fiber
system. Consequently, when cascaded with thedyetem, it will lead to linearization of the

overall cascaded system. The principle of DPD is shoviAigare2.3.

g/ OPo El oF L RoF+DPD
g = §
5 8 ]
o ) S
] z ]
$ g i £
S . Power In (dBm) Power In (dBm)
_____________ ﬂ
Power In (dBm) Ve i_ _ _l i_ E— \
B B |
_|Pre ) | | | |
distorter | | L S _.# J—|—>I
| |7_ | Optical Fiber | L g | :
I Electro-Optic Opto-Electronic I
l converter (Laser) converter
(Photodetector) )
N _____ v

Figure2.3: DPD linearization principle for Analog MFH

DPD should be insertdaefore the Electr@®ptical (E/O) converter so that the over all link
can be compensated. It should be noted that DPD based linearization can linearize links based
on intensity modulatiowlirect detection (IMDD) or coherent transmission
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2.3 Parameters to ewaluate DPD linearization on signals

The performance evaluation and ordémmprovementn link linearization will be presented
by the evaluation of parameters such as adjacent channel power ratio (ACPR), normalized mean
square error (NMSE) and error vectoagnitueé (EVM).

The efficiency of the proposed methasipresented by the ACPR that computes the distortion
components outside the useful signal bandwidth. It is express2djs [

66% pric :222 (2.1)

wheredx anddxo are the lower and upper frequency limits of the adjacent chabeind
6 are the frequency bounds of useful bafd¥2 denotes Power Spectral Density (PSD) of the
output signato € .
NMSE is defined as follow[27]:

60® px® 5 B‘l’égb;‘: (2.2)
The NMSE value is estimated betwaené andw ¢ of the RoF wherel embodies the total
signal length.

The performancef the proposed methods will lmlculatedadditiorally by the Error
VectorMagni tude (EVM). I't is a quantity that a:
complex value of a demodul ated symbol with r

EVM can be mathematically expressed a8][

Pp oy v

06 0b U (2.3)

B eYs

C1'D

where 0 is the number of symbols in the constellatiov, is the ideal symbol of the
constell ation as sdoc iaandes the raal synibol askoeiatesl wiii bTod A

3GPP has set an EVM limit for LT&gnals modulated by 256 quadrature amplitude modulation
(QAM) format to be 3.5%4.55.
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2.4DPD Models

The behavioral model of RoF treats RoF #@black-boxd. For DPD operation, input and output
signals are requiretllany mathematical models have been psmul that can be used for DPD
identification.Many DPD techniques have been reported in this literature review. They can be
classified into three categories: leak table (LUT)based DPDsZ56, 2.57], Volterra series

based DPDs2.58-2.59] andneural network (NNbased DPDs2.60,2.61]. The LUT-based

DPDis simple, but its linearization performance depends on the size of the LUT.

Volterraseriesbasednodels are most widely used. One of the most commonlyraeddls
is memory polynomial (MP)at is able to counter act the rlimearities and memory effects at
the same time. MP model is also called as diagonal Volterra model because the diagonal terms
are norzero while non diagonal terms are zdrmuleed, this MP model is a compromise between
a memory less and fulfolterra memory model. Depending on the application, scenario and

order of nonlinearity, appropriate model can be chosen.

Recently, with growing interest in the complex models that have been derived from Volterra
series. These mets include Generalized Memoilolynomial GMP), Dynamic Deviation
Reduction (DDR)model, Laguerre/olterra model, etc. Now we discufisese models in the
sections belowThe DPD models can be divided in two main categories depending on the memory

that they possess: Memoryless models and memory models.

In [2.60], an MP DPD based on direct learning architecture is proposed. Another MP DPD is
proposed in2.62], which is based on indirect learning architecture. The MP model is widely used
because it has lowecomplexity than the Volterra series model and can closely mimic the
nonlinearbehaviorof PA with memory effects. The artificial neural network (ANN) has excellent
capability to accurately approximate nonlinear functions. Hence, ANN can be used tahmeodel

inverse characteristics of PA.
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2.4.1Memoryless Model

These equivalent basebands filtered mol@® been used extensively for modeling the DPD
for power amplifies. Forlow input bandwidth signal, the characteristics of PA have been
modeled with memoryless model or with diagonal memory polynomial middelever, in case
of RoF, memoryless models are not able to find a good linearization, therefore we have considered
only memorybasedmodels in our literature. Similarlyjpemoryless model defines only AM/AM

conversion.

The memoryless polynomial model can be written as:

we Ot s mE (2.4)

wherew ¢ is baseband input andl¢ is baseband output respectively. is the complex

valued coefficient and is maximum order of nonlinearity.

2.4.2Models Derived from Volterra Series

The E/O and O/E conversion can introduce memory effects which can add a limitdétien to
performance oDPD operation Therefore, in order to take in to account the memory effects,

Volterra series is a good choice.

The Volterra series model can be expressed in following form:

e 888 'Q t et wo t O (2.5)

Wherew € is the RF output signal of the systesm¢ is the RF input signal, whil&® 8
is thed -th order Volterra kernel. Once the RF signal is down convertealsteband, the envelope
can be obtained through low pass filter. Therefore, a baseband image itedisoeewith input

asw £ will be:
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weE 8 Q  amgu wo «a [ (2.6)

whereK represents the nonlinearity order d@depresents the memory depth.

Eq. 2.6 states that Volterra series model is strongly dependent on the number of terms. The
complexity increases with increasing number of terms. Moreover, the identification process

becomes cumbersome.

2.4.2.1Memory Polynomial Model

Memory Polynomial (MP) maal is referred as an inverse nlimear model that has been
exploited previously as a powerful model for both, inverse and direct modeling of power amplifier
(PA) nonlinearities. Applying this model for RoF has an additional advantage since memory less
model might have problems to characterize the elegptical (EO) conversion phenomena
accuratehf2.63].

The MP model is generally referred as a compromise between memoryless nonlinearity and

full Volterra series due to presence of diagonal membing output in this case is referred as:

Wt O o ame as 2.7)

Herel represents order of ndimearity, O is referred as the memory depth,¢ represents the
predistorter input sequencé ¢ shows a baseband input signal abd denotes the model

coefficients.
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2.4.2.2Generalized Memory Polynomial Model

MP modelhas been effectively used for DPD, however, the performance can be improved by
formulating a more general memory structliee use of Generalized Memory Polynomial (GMP)
model has been widely utilized for the linearization of PA84]. However, GMP hagot been yet
evaluated for RoF with varying lengths. The GMP model basis functions possess memory for both,
for the diagonal terms as well as for the crossing termsie., 1 e 1 S ,wheren 1.

The output of the post inverse blogk ¢ modeledwith GMP can be expressed as:

~

wE W wE N WE NS

Q OE AWE A IS 2.8)

Q we nNnWwe N is

wherew ¢ AT d¢ represents the DPD output and input respectively. Similarly2  and
‘Q denotes the complex coefficients for the signal and the envelope; signal and lagging envelope

and signal and leading envelope respectively.

"Orepresents the ind@f nonlinearity, andifi represents the indices of the memory. Wailg) ,0
are the maximum orders of nonlinearily,ld> f) are the memory depths, whi¥e and’Y exhibits
the lagging and leading delay tap lengths, respectively.PGhs been applied choosing

O =0 =0=0,0 =0 =0 =0andyY Y V.

2.4.2.30rthogonal Polynomial Model

The conventional polynomial model as in Eq. (2.7) has basis functions which are not
orthogonal. The polynomial model with orthogonal basis ¢ceduhe numerical instability linked

with conventional polynomial model.
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The memoryless polynomial given in Eq. (2.6) is given as follows:

wE I we (2.9)

Where

(2.10)

And"Y are the coefficients of orthogonal polynomial basis functions.

Similarly, the memory polynomial with orthogonal basis is proposed as:

wE 7 we a (2.11)

2.4.3Decomposed Vector Rotation Model

The Decomposed Vector Rotation mod&VR) architecture was suggested for the
linearization of Power Amplifiers (PAsRB5 and a comparative study for PAs was implied
recently in R.66]. DVR is an adapted version of the canonical piecewise linear (CPWL)

functions to handle complex valuedisal. DVR is expresseds:

O WE BT Q e S
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wherew ¢ andw € are the inpuaind outputespectively. Similarly, is the breakpoint while

0 repreents elements in the partitiamd 0 represents the memory depth.

2.4.4Neural Network Models

Neural network (NN) models are also used for DPD modeling. NNmalta-layer structure
that has been developed from imitating the nervous system. It is a consolidated choice because it
can be trained to leaamy arbitrary nonlinear inptgutput relationshipsSince it carries excellent
capability to accurately approximate nonlmgunctions, it can be used to model the inverse
characteristics of the system under test.

The input signal is fed to the input layer, and the output signal is found at the output layer.
Each layer is a group of neurons which have no connection betwaem @ther
but have connections with the neurons of the next layer. For linearization of PA, a PD based
on a multilayer perceptron is presented26T]. In [2.68], a two-hidderlayer feedforward neural
network (FFNN) model is proposed for Pdodelling and DPDA realvalued time delay neural
network is proposed ir2[69] using only realvalued parameters and the real components of input

and output signals. The multilayer NN model is shown belokigare?2 .4:

31



Input layer Hidden layers Output layer

u (1)

u(2)

u (Nq)

Figure2.4: Multilayer Neural Network Model

2.5DPD ldentification

The estimation of predistortion model coefficients is referred as DPD identification which is

an important aspedf digital predistortion.

There are two approaches thatve been identified in literature for estimation of model
coefficients direct learning architecture (DLAgNnd indirectlearning architecture (ILA)J.60,
2.62].

In DLA, the DPD operation is directly identified with the input/output signals of the system
while in ILA, a pre distorter ntvrearisneion gb |bolcokc ki
first the input and output signals and then in the second phase applies the training coefficients to
the system under test as a DPD. This means thatp@sse becomes cascaded as a predistorter

block after the training phase.

2.5.1Indirect Learning Architecture

The indirect learning architecture (ILA) is shownFigure2.5. The DPD model identification
is very important aspect which is based on the estimaifothe digital predistorter model

32



coefficients. Since in ILA, there is no need of model assumptionjpasise (postistorter) can
be used as praverse (predistorter) and allows for linear estimation of the coefficients, therefore

it is straightfoward and has been commonly used?84], [2.65].

ILA can imply different techniques to identify DPD models such as least squares (LS), recursive
least square (RLS) amelast mean square (LMS).J0-2.73]. We will describe LS method since its

usability s straight forward and carries less complexity.

There are number of least squares (LS) algorithm for estimation of model coefficients that take
the linear weighting of nonlinear signas.44]. The formulation of the estimation initiates with
collecting the coefficients e.g) ,’Q and’Q into a Rx 1 vectoro.'Y represents the total
number of coefficients: means a signal whose time will sample over the same periodd€ong
(2), coefficientsiy denotes the signabé¢ p & p s. <t characterizes the collection of all

such vectors into &ax Y matrix.

_____________

um) pre- | X(M) - y(n)
. Distorter | E l
_______ [
. e(n) = z,(n) —x(m) | 1
Copying
parameters

N
=
=
~

Figure2.5: Indirect Learning Architecture (ILA) fasystem under test

Once the convergence condition is obtained, the output of the predistorter training block
becomes:d ¢ wé andhenceé ¢ 0 ¢ . For total samples, the output can be written in

the following way:

ST (2.13
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Where» dphgalG ,»r. & phad 0, while o displays a R x 1 vector that

contains the coefficient® ,’Q and'Q &he LS solution will then become a solution for the

equation expressed as:

L, L,

(2.14)

In order to solve Eq(2.14), many approaches have been proposed. One of them is QR
factorization which is generally implied to badly conditioned mat#xa is generally badly

conditioned matrix. Therefore, we explain below the QR factorization method:

i. QR factorization is compute®incel:  |k4, whereQ is a matrix  x N) while R is a Nx R

upper triangular matrix. There arellod -4 flops in this step.

ii. |F1eis computed. Here, 4l 4 4 are flops in this step.
ii. 9= |F1 e is solvel for upper triangular matrix. There afe flops involved inthis step.

The LS solution in (4) should minimize the cost function

0 a & wt (2.15)

2.5.2Direct Learning Architecture

The direct learning architecture (DLA) is shownFigure2.6. The model of DPD employing
DLA usingnonlinearfiltered x least meaaquare algorithniNFXLMS) has been used i@.F5]. The
coefficientll of the basis functiom 6 &€ can be updated by stochastic gradient algorithm while

the gradient is represented by derivative:

(2.16)

where
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HereQ is the memory depth of DPD model are— is the derivative of nonlinear model

Thereforea model needs to be identified firstly.

For simplicity, QA

; therefore Eq. 2.17 becomes:

.
T e QAkE <« 0 € 1N (2.18)
LY
UM) ¢ pracinuarca hx(n) T i y(n)
_ : Pre :\I\)lerse : > System |
S b : ‘
S —
Copyin I . 1
pyme | Post-inverse| —
parameters I G

. Parameters
i estimation

____________________

Figure2.6: Direct Learning Architecture (DLA) for system under test

It is equivalent that each basis function 6 ¢ s filtered by an instantaneous equivalent
linear (IEL) filter || = | ] 4 ~ [276. Using this method, an NFXRLS is

proposed for recursive least square (RLS) algorithm. Replacing (2.18) into (2.16), we can have

35



(2.19)

A DLA estimator has been widely used to estimate DPD coefficiemg|[ Since, there is
no need to identify the PA model and coefficients errors is solved as a linear problem. The

relation between the inputand the output of the DPD can bexpressed in matrix form as:

® YO

(2.20)
Where® wp 800 hoQiYDp is coefficient vector whert) is aN x R matrix of
basis functions. The reference error of measurement is given as:
03 wE
E¢ —= 0 ¢
O
aeg o0¢ (2.21)

The origin of theaeference comes from two parts:

A The coefficients of DPD ar e noodfficients,evadan
express the error generated by the coefficients ezy U L. sarherese ds Rx1 vector
containing the set of coefficient ers Y4f:

A The 10Sin teeridentification. In LS calculation, QR factorizatisran orthogonal
projection. ThufY is orthogonal to the input signél

. (2.22)
Q Q n&H
To reduceQ , the cost function to minimize is:
., Q¢ Yoo 6¢ (2.23)

The LS solution of the coefficient error which minimize (2.23) is the solution for
the following equation

YQ °YTYYH (2.24)
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whereQ Qp &80

In this method, there is no need to calculate the inverse of the sysiéeh

2.6 Conclusiorns

The chapter reviews the methodologies implied for linearization of analog radio over fiber
systemsTable 2.1 presents a comparative overview of different linearization techniques. Each
methodology is discussed w.r.t advantages and disadvantages that it Thermmcept of digital
predistortion based linearization is discussed as the most advarstéggmique. The motivation
of applying DPD and methodologies are discussed in detail. The most important class of models

utilized is the volterra based polynomial methods. DPD identification methods are presented.

It has been shown that initially voltarased methods were widely employed for the
linearization of PAs. Later, these models were adapted for Rof twas been shown that it is
al so possible to go out of the AVolterra BoX

ANN. There tradeoffs dve been discussed in light of literature review.

The main contributions of this dissertation are thoroughly presented in the following chapters.
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Chapter:3

Direct Digital Predistortion for compensation of

nonlinearities in‘Radio over Fiber links

Some contents of this chapter are taken fréZp C2 and C3 where we presented the

characterizatiorof digital predistortion method based on behavioral model.

This chapter proposes a predistortion technique for linearizing Analog RoF links which
corrects the link impairmentsaased due to combined effect of laser chirp and fiber dispersion.
The proposed technique is independent of the laser model which makes it salutary in terms of
adapting to other possible laser models. The mathematical framework of the proposed technique
andits implementation is discussed. The predistortion is applied firstly to sinusoidal signals and
then to LTE standard signals. As a figure of merit, the effects of the proposed operation are
reported by analysing the Adjacent Channel Leakage Ratio (AGkdRE&or Vector Magnitude
(EVM) of the received signal.

3.1Introduction

In order to manage the eviacreasing demand for larger transmission bandwidth, the Analog
RadicoverFiber (A-RoF) technology is a viable solution which has found application in the
distribution of both wired and wireless services within various scenarios, utilizing as transmission
channel different types of silica fibers, as Single M[&i&], Multimode[3.2] or Multi-Core[3.3],

or also utilizing Polymeric Plastic optical fibdx4].

The A-RoF technology plays a major role in the realization of the physical layer of 3G and 4G
systems and is expected to form the cornerstone of the future fifth generation of wireless networks
[3.5-3.7]. In addition to the advantages coming from tke of the optical fiber as a transmission

channel, like extremely broad bandwidth, immunity to electromagnetic interference and large
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transmission distances, an additional attractive feature lies in the agnosticism of RoF systems
concerning the particuldransmission modulation format, which makes them intrinsically future

proof.

Nonetheless, the drawbacks of these systems can be presented through the presence of distortion
that can possibly lower the performances. These impairments are caused by tmipedec
behavior of laser, photo detector and optical filame primary drawback of these systems is the
signal susceptibility to the combination of fiber chromatic dispersion and spurious phase signals
generated by the laser source (also called frequemp)[3.8].

To subdue the nonlinearities inROF transmission, various solutions have been proposed,

which include analog and digital electrical technigiie8-3.13]

Analog predistortion method was addresisg@.9] where the nonlinearities of thader source
were compensated. The drawbacktad said methodology is difficult applicatioon large scale
production because every single RoF transmitter requires a variant predistorter. Digital
Predistortion linearization technique using memory polynonwals discussed ir8[10], while a
trained predistorter based on Volterra series has besie@po Non Linear RoF 1ink3.11-3.14].
Similarly, the Digital Predistortion technique based on canonical pecénese (CPWL) function
was proposed for intensity modulated/direct detection RoF s\{&45]. More recently, Digital
Predistortion basedn memory and generalized memory polynomial was proposed for VCSELs
based radio over fiber lin8.16-3.17].

All the techniquesapply the distortion compensation considering the RoF systeiiitsaak
boxo. However, to guarantee the accuracy of the digitaarization performed, memory length
and order of nonlinearity has to increase which leads to high complexity of the predistortion
process. This factor can reduce the application of this linearization method subst&itraléyly,
there exists a sipler possibility where one can identify the source of nonlinear behavior and
directly compensate it without any feedback. One of these cases is based on the behavioral modeling
of the whole link in which predistorter is used to compensate the nonlineiathiy RoF lini3.1§.
In this case, knowing physical macroscopic quantities of #iRA components it is possible to

compensate for nonlinearities generated by laser chirp and fiber dispersion.
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In this chapter the above mentioneddirecto predistortion is theoretically studied and
implemented. The predistortion is applied firstly to sinusoidal signals and then to LTE standard
signals. As a figure of merit, the effects of the proposed operation are repodedlyzing the
Adjacent Channel Leakage Ratio (ACLR) and Error Vector Magnitude (EVM) of the received
signal. ACLR and EVM are utilized as performance parameters. The proposed technique is
independent of the Laser model which makes it salutary in teratiapfing to other possible laser

models.

The chapteris organized as follows. Sectid2 gives the brief description related to the
mathematical modeling of the proposed predistorter. In Se@ti@nsimulation results for the
proposed predistorter apresented and briefly discuss&kction 3.4 discusses the predistorter
behavior in the presence of adiabatic chirp while Section 3.5 talks about feasibility of the proposed
distorter. Fnally, Section3.6 concludes thehapter

3.2Proposed Approach

A conventional directly modulated-RoF link, including the proposed predistorter is shown
in Figure3.1 In detail, the RoF link is composed of a laser transmitter, a standard optical fiber
cable, and a photodiode, which converts the optical power ielé¢lc&ric current. The combined
effect of laser chirp and fiber chromatic dispersion leads to signal degeneration in R$E.8nks
,3.19]

i RF t RF,corr
—_— Pre- |—>

distorter

Figure3.1: Block scheme representing the collocatiothef proposed predistorter block. The dashed
rectangle encases Radio over Fiber link schematized through its essential components. LD: Laser di
SMF: Single Mode Fiber; PD: Photo Diade
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The idea behind the proposed predistortion technique is that in the absence of fiber chromatic
dispersion, the only presence of laser chirp would not determine any nonlinear effect. Thus, the
predistorter is then used to digitally generate an oppositeerdisp to compensate the
nonlinearity of the RoF link. The functional scheme of the Predistorter block is shdugune
3.2.

The proposed approach, in the beginning, converts the analog RF modulating current to a
digital one by means of an Analog to DaiConverter (ADC). Then it works with the samples
‘00 to predict a modulated optical field 0 by exploiting an appropriate laser modelo
becomes the input of th@iber Compensatianblock whose output is a corrected modulated

optical fieldO o which would theoretically not be affected by the fiber dispersion effect.

To obtainO 0 , the fieldO 0 is convolved with the conjugate of the fiber pulse
response. Subsequently, the input current correction block calcutatesgh an inverse function
of the Laser model, the corrected samples of cur@nt, 0 , that, once utilized as a laser input
signal, should result in an electric field as close as possifile to 6 . Through a Digital to
Analog Conveter (DAC), the current is finally brought back to analog form and modulates the

injection current of the laser source of the real RoF link.

ipe(t,) Eft Eonlt) LRe corr (o)

'L Model of ‘LL Fiber l [(Model of l
Laser | Comp. Laser}] nnrox. .

Figure3.2:Functional Block schemepresenting the collocation of the proposed predistorter block.

Referring again to the functional schemd-gfure2, the mathematical framework is now
discussed in detail.
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3.2.1 Directly Modulated Laser

The Electrical fieldO 6 produced by a directly modulated Laser Diode (LD) exhibits
Intensity Modulation (IM) as a desired result together with an additional undesired Frequency
Modulation (FM) known as frequency chirping. Such field is described by the following
expression:

06 O p 0 Qo& Y (3.2)

In Eq3.1,0 is the field amplitude without RF modulatian, is the Optical Modulation
Index also often indicated as Oléfined as [3.20]:

0 = (3.2

whereD 6 0 p 0 "Q 0 describes the instantaneous optical power and the operator

L 8 1 denotes that the time averagg .9is performed.

In turn, the quantityh) — O ‘O is the portion of the optical power due to the only
bias currentO , while 'O is the threshold current of the laser andepresents its slope
efficiency. The increase in RF power leads to increa$e in while biasing is kept fixed. With

‘Q 0, itisindicated the current that modukatbe laser source, which, as a consequence of the
definition given by EQq.3.2 obeys to the normalization 'Q 0 -. Note that in the

particular case when theF current which modulates the laser is just a sinusoidal tone given by

0 AT10 o, itisbo=—-"0 'O 'Of AT10 6 where D " and
‘Q 0 AT10 0.Moreover] is the angular emissioinequency of the laser source while

Y—0 represents the instantaneous phase deviation of the optical carrier due to the mentioned

chirp phenomenon.

52



The concept of instantaneous change in the optical frequency is gigRalin This concept
can be employed to determine the instantaneous phase deviation. The instantaneous change in
optical frequency is given as
- | Dwp QOO

Y Qo — —— —— I 06
T Lo Qo (3.3)

In Eq3.3, 0 ds the Henry linewidth enhancement factor. Wherkas the adiabatic chirp

scaling factor of the laser source utilized.Hq 3.3 — —— represents transient chirp while

I 00 represents adiabatic chirp.

SinceY—0 _ ¢" Y'Qo Q pthe instantaneous phase deviation comes outto be
o | U (-b ~y | U (b 5 Ny \
Y—o0 TI b O ?II LOQO (3.4)

In Eq. 3.4, by substituting the instantaneous optical powed, a more meaningful

expression can be obtained in the following way:

o . | 0o, L T
Y—o0 TU 8’QOT||U L Q o0 Qo (3.5)

The RF modulating curref® 0 is a passand signal and can therefore be written as:
N o ‘CWAITI00 0 oi Qo (3.6)

where'00 and0 o are the IsPhase and Quadrature baseband signals respectivgly and
is the RF carrier frequency. With the help of this expressiofQob , the instantaneous phase

deviation becomes as follows:

53



In Eq 3.6 the termiOd OBT 6 0 0wé]i ocanbereferredd® o and

becomes the integral of the sigifal o . It is then:

y—6 —0 8Q 0o —Ilb 0 (3.8)
C 1
and, consequently,
y—o | U(B 8Q o | Ddiff) 0 Q
— — - 0
C q ©
Qo 0 Mo (3.9)
wherev andu represent the transient and adiabatic chirp coefficients respectively.
Therefore, the expression in E331 becomes
06 O p b Qo . (3.10)

3.2.2 Fiber Compensation

ThefiFiberCompensationblock receive® 0 as an input. The corresponding time impulse

response is obtained considering the fiber pulse response:

Qo —&  andt — ¢~ (3.12)

In Eg 3.1Q Ois the second order dispersier-, z is the fiber's lengthn{), _ is the optical

wavelength,

¢“ "Qwhere™Qis the optical frequenciylhe corrected fiel®® 0 is then found

by the convolution operation of the input fi&dd with the conjugate of the fiber pulse response.

This corrected fieldd 0 would entirely compensate the Fiber dispersion effect. It can therefore

be written as:
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0O o0 00A0O (3.12)

3.2.3 Approximations Applied to the Model

As explained above, the aim of the digital predistortion technique is to eliminate the chromatic
dispersion effect which operates on the phase of the electric field emitted by theThser.
proposed approach starts from the consideration that an appecprirentQ ;  given in input
to the laser would assure that the optical figdnerated by the laser i 0 given by Eq

3.11 This means that it is possible to write:

0O o6 O o QQE O (3.13)

(3.14)

where Q8 is the function describing the relationship between the field emitted by the laser
and its input modulating RF current. In order to deternfihg 0 it is then necessary to

perform the operation symbolically expressed by:

9, 6 Q0 o (3.15)
An approximation is at this point applied to the resolutiokepf3.5, namely it is taken:
Q; 6 Q0 o DDB""O o 10 6 0 (3.16)

Aim of this approximation is teimplify the model and allow the application of the correction
in a straightforward way. Indeed, as can be seen fron3.Edthe relationship givendbweenEq.
3.15is rigorously valid only whend L pando A Qp 0 Qd v Qp 0,ie. when
the power of the RF modulating signal exhibits low values and when the transient chirp effect

prevails over the adiabatic one.
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After the ¢ 0 is computed, the electric field emitted by laser source and coupled at the

fiber input section leads to following expression:

O do m O Fp 0 H & 6 . b (3.17)
Eq.3.17takes into account that in general, in addition to transient chirp, the real lassswvill
exhibit the adiabatic chirf3.22]. The propagation of the fiel® is modeled in the frequency

domain, by taking its Fast Fourier Transfarm 1 1t and multiplying it by a fiber transfer

function which is given as follows in the E3}18

. L —  — (3.18)
1hh prt Q R Q Q
In Eq.3.18,] represents the field attenuation coefficient expressed-iff represents the

propagation constant of the fundamental mode propagating in the-fiberis its group delay

per unit length;— —is the chromatic dispersiamefficient expressed w—.

The second and the third factors at the right hand side (RHS) 8fIByespectively introduce
just a phase delay and a group delay td@hedx 1t given by Eq3.17 which do not determine
nonlinearities in the RF signal received. Moreover, the first factor at the RHS &flBgractically
represents an attenuation coefficient, since can be regarded as constant in the bandwidth
considered. The square of tlzisefficient multiplies the powers of both the desired RF signal and
the undesired RF disturbances due to the studied nonlinearities. Since all the figures of merit studied
in the following depend on the ratio between these two powers, this attenuatiosiesdafoes not

practically influence the results obtained in the present simulations.

For the purpose of the present study B4 9can then be simplified to the following Fiber
transfer function:

=T 3.19
o fn @ 9 T (529

whose Inverse Fourier Transform is actually the pulse response of the optical fiber span
introduced in Eq3.11

Note that the mentioned simplification on the tggrm is here possible because, with the

aim to study in detail the impairments doetlie system nonlinearities, the presence of a noise
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floor at the receiver side has not been taken into account in the simulations performed. However,
the maximum link distance considered has been chosenlkas, 3 order to focus the study on

realistic gplicative scenarios.

The output electric field is then estimated through the product between the Inverse Fourier
transformof 1 hdx 1 andO] hi . The following expression of output fie@ dv 0
is achieved:

O oo O . 1M m 8o h (3.20)

This output electric field is then finally used to compute the received RF current assuming a
square law detection using common photodiode (PD). Hence, the-gdtetted current

becomes:

N o0 TO o Os (3.21)
whereT representghe responsivity of the Photodiode.

Note alsahat Eq. 3.Jand Eq.3.21imply that the power vs current characteristic of the laser and
the current vs power characteristic of the photodiode exhibit linear behaviors. This assumption is
due to the fact that aim of the proposed method totmterbalance theombined effect of laser

chirp and chromatic dispersion, which is the prevailing cause of nonlinearity in direchlyatel

RoF links with lengths of tens &Mm. For this reason, other possible causes of nonlinearities have

not been included in the numerical model.

3.3Numerical Results and Discussion

In the following subksections, the proposed Direct Predistortion Technique (DPDT) has been
utilized to carry out nmnerical simulation for the two sinusoidal RF tone and LTE signal as a test
signal. The technique developed has been implemented on MATLAB. The results of evaluated
guantities for the said test signals are discussed in detalil.

Firstly, the case is consid&t when only the transient chirp is present in the directly modulated

laser, i.e. when the approximation given by B 6can be reasonably accepted.
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In addition, with the aim to show that the solution proposed features a gapgiehbility, Sec.
3.3studies also the case when only the adiabatic chirp is present, allowing to appreciate that also
in this case a beneficial effect is present on the global system performance. The analysis of these
two extreme situations is motivated by the fact that enrttajority of applicative situations one

of the two types of chirp prevails over the other, and can be considered to be the only one

determining the frequency modulation of the field emitted by the |8s&].

3.3.1 Evaluation of Intermodulation Distortion f or Dual RF Tone

The predistorter simulation efficacy is evaluated initially with a signal composed by a couple of
sinusoidal RF tones having frequenci&®®@ and Q , namely Q 6 AT10 o

AT10 0 with] ¢“’Q and ¢“"Q . The nonlinearities considered of the RoF

link have been those related to the generation of an undesired component at the frigquency

"Q at the receiver side.

To evaluate the model, initially a pure dual tone RF sinusoidal signal is utilized. This allows to
test the proposed model and approach without increasing the complexity of the input radio signal.
In this case, the frequency of modulating RF tdfes and™Q is considered to be &GHzand

1.01 GHz respectively. An optical fiber of G.652 type is utilized which exhibits a chromatic
dispersion coefficier© % forthe operating wavelength of p& U & Similarly to

what has ben assumed for laser and photodiode characteristics, also the possible nonlinearities
coming from the optical fiber have assumed to be negligible with respect to the prevailing effect
of laser chirp and fiber chromatic dispersion. Note however that ttensgensidered utilizes a
single wavelength where a suohrrier modulation is performed. The only detriment could then
come from the Self Phase Modulation phenomenon, which, due to the typical values of the optical
powers involved in these systems (few dBran be regarded as negligible TaBl& lists the

main parameters utilized in the simulations.
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Optical Parameters Values
Link
Component
Laser and ‘O =70mA
PD O U(} 0
0 p to
U pp Hi
a o
T p —
Fi —
Iber Dispersion= 16—
(Imu-T 2= 050km
G.652) Attenuation= 0.2—
Signal Q p 'O0a
0 081 004

Table3-1: Parameters utilized in the formulationsimulation results

The results for the dual sinusoidal RF tone are presentEiyime 3.3.0 indicates the

third order intermodulation power received at the frequeri®y "Q and0 ; the power
received at one of the two carrier frequencies (€g). The ratioﬁ—is reported as a function
of the RoF link length for two possible values @f (0 =10% and 0 omp The
intermodulation distortion is repodeén this way and not using the typical third order input or
output intercept points, because the raﬁga— corresponds to the Adjacent Channel Leakage

Ratio i.e. ACLR which will be one of the quantities utilized with reference to realiSiE
signals.

The amount by which each signal modulates the optical transmitter is measured by
Typically, increasing  is expected to lead to higher signal distortion due tadnesponding

higher value of RF modulating power for a givén of the laser.

Indeed, the curves fd0%of 0  exhibit lower values ofh— as compared t80%of 0
At the same time, in both, a noticeable improvement due to the proposed correction can be
noticed. For example, far p T pat a distance of 5km, the predistorted corrected curve

exhibits = -97.08 dBc (as compared to uncompensated valu82078 dBc ) while for
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30%of 0
to the uncompensated value-59.80 dBc).

, at 50km, the compensated corrected curve has a valtigddd9 dBc (agompared

-50 T T T T

-60 -

UnCorrected 30% M,,,

om0 outn 0 =
-&-. o il oued =
o
oo

UnCorrected 10% M,

oee=0 i

Corrected 10% M,

20 25
Fiber Length [Km]

Figure3.3: Comparison between values of ACLR (for Dual Sinusoidal RF Tone), for varying length z
ford L1=10% and! L1=30%, with and without the application of the proposed predistortion

30

technique.

In order to summarize the results for the sinusoidal,téigure 3.4 presents a comparison
between absolute improvement in ACLR, varying length and input ptbwgert can be seen that

improvement due to proposed Dirgcedistortion technique msosignificant at higher lengths

25 [E_T20 Km I 30 kKm{__§40 Km [_]50 Km B0 10 Km|

- N
L] [=]

ACLR Improvement [dBc]
o

50

30
10 20 ength [Km]

Figure3.4: Comparison between Absolute Improvement in ACLR (for Dual Sinusoidal Tone), for

varying length z and for varying input pOWHELJI
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3.3.2 Evaluation of LTE Signal as an Input Test Signal

As mentioned above, the model is now evaluated with reference to a realistic LTE standard
signal. Tests are performed by generating a LTE signal of 3.84 MHz bandwidth having 64 QAM
modulation format. The signal is modeled through a locally developed sefiviech complies
with the release 13.4 of the LTE standard (3GPP Release 13). The parameters of the LTE signal
in base band are summarized in Teb2

Parameter Values
Nominal Channel Bandwidthd o) "Od
Useful Channel Bandwidtho( 2.7 MHz
Sampling Frequency@ 3.84 MHz
Frame Duration™Y 10 ms
Subframe durationy"Y 1ms
FFT size 256

Table3-2: Parameters of the LTE Sigridtilized

3.3.2.1ACLR Results for LTE Signal

In the following subsection, the results of the simulations are discussed. The first quantity to
be evaluated is the Adjacent Channel Leakage Ratio (ACIbRffigure 3.5, the behavior of
ACLR is reported as a functiaf fiber link length forQ ¢® TOOdor two possible values of
the optical modulation index . The parameters used in this case for RoF components are the

same ofTable3-1.

As expected, also in this case higher the , higher is the distortion generated (see the
uncorrected curve ifigure 3.5. The interesting fact is that the improvement in ACLR is still
significant taking into account high distances. For example, at km30r 0 p fo. ACLR
is lowered by 25.2 dBfor the corrected curve as compared to the uncompensated ACLR value.
Similarly, 0 o P, the uncompensated value of ACLR-13.15 dBc while this value is

lowered to-70.9 dBc for the compensated case.
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Figure3.5: Comparison between values of ACLR (for LTE Signal), for varying length+ fior= 10%
andd L 1= 30%, with and without the application of the proposed predistagitimique.

Moreover, ACLR improvement has been evaluated for all proposed conditions and the

numerical results have been summarizedigure3.6

[IB310 KmI— ]20 Km 3030 Km [ 40 Km [ 150 Km

- NN (7]
[+, I — B (=]

=N
(=]

ACLR Improvement [dBc]

50

10 20 | ongth [Km]

Figure3.6: Comparison between Absolute Improvement in ACLR (for LTE Signal), for varying length z
and for varying input powejf . 8
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3.3.2.2EVM Resullts for LTE Signal

The effect of the proposed correction is now evaluated with respect to the EVM.is
evaluated through a locally developed software. The software is based on an EVM
characterization bench for Frequency Division Duplexing (FDD) downlink LTE frame
transmision based on the release 13.4 of the standard. The entire frame of 10 ms is generated
using a software developed in MATLAB. The program also creates the samples followed by the
creation of the modulating signals and-agnvers them to a RF carrier freqoey. It is then
launched into the RadioverFiber link model whose characterization has already been explained
in the Sectior8.1 After the signal propagates through th&RAF link, the signal undergoes post
processing that comprises of down conversiod down sampling respectively. The software is
realized aehoc for LTE frame, and is able to synchronize the frame, equalize the channel and
extract the EVM for each physical and logical channel. Tests were performed generating an LTE
signal of 3.84 MHzTo see the effect of transient chirp for LTE signals on EVM, a test is done where
EVM is reported for respective lengths tg 50 Km. The trend inFigure 3.7 formalizes that EVM

improvement can be seen for 10 and%8®f 0  values. This endorses thaetproposed predistorter
improves the EVM by further lowering it from the uncorrected value.

0.8 1 T T T T T

0.7 || mmmmm UnCorrected 30% M,
UnCorrected 30% M,
==l Corrected 30% M,
mmm UnCorrected 10% M, -
067 Corrected 10% M -
sflfe= Correcte! ™ -
—
§ 0.5 b
=
3
2 0.4
o [ UnCorrected 10% M,,,
g Corrected 30% M,
w 0.3+ ! __—__._-l_
0.2+ ' e — \. 4
Corrected 10% M,
0.1 4
0 1 1 1 1 1 1 1 | 1 |
0.5 5 10 15 20 25 30 35 40 45 50

Fiber Length [Km]

Figure3.7: Comparison between the EVM values (for LTE Signals), for varying length-50 Km for

4|4 =10% and 30%, with and without the application of the proposed predistortion technique.
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3.4Behavior of Predistorter in Presence of Adiabatic Chip

As shown in Sectiof3.1.3 the proposed predistortion technique aims orctimepensation of the
transient chirp. However, in many practical cases, especially Dsstigbuted Feedback (DFB)
lasers, the adiabatic chirp component generally prejgaitd]. In order to evaluate this situation,

the electric fieldO 0 from Eg 3.17can be expressed as follows:
O o m O Fp O 6 & .8

In order to evaluate the effect of adiabatic chirglmntrend of ACLR and oits correction 0
is varied from 30 to 446—, length is fixed to 5&m and0 omb

The results reported iRigure3.7 affirms that increase in adiabatic chirp produces the distortion
that worsens the ACLR to a powhere the need of predistortion becomes critical. For instance,

for the adiabatic chirp of 3086—, the uncorrected ACLR value &1 dBc is compensated to a

relative lower value ot35 dBc. This means that proposed predistorter is able to conesct

adiabatic chirp as well.

=15

=201 T

-25 L
Q =30 -
g N S
= -5} UnCorrected - -
é - -m" ;

-
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L]
& -
-
-ast -
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-
-
-50r .-"-‘ — UnCorrected
= = 0= Corrected
_55 | L L L L L
50 100 150 200 250 300 350 400 450

Adiabatic Chirp [MHz/mA]

Figure3.8: Comparison between the values of ACLR (for LTE Signal), for varying % of Adiabatic Chirp
for fixed length z = 5&mford L= 30%,‘52.14 GHz, with and without the application of the proposed

predistortion technique

Lengths ugo 50km are introducedo show the behavior of the improvement due to the proposed

procedure from the point of view of the numerical simulation. The inclusion of optical amplifier
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is not envisaged in the model of RoF since the amplification will amplify the transmission and
theadjacent channel in the same proportion and the ratio of the channels will have no effect. The
effectiveness of proposed predistorter is further confirmed by analyzing the power spectral
densities (PSD) of the output signal with and without linearizgtracess. It can be observed

that Proposed predistortion technique results in spectral regrowth reductiéig(ees.9).

= UnComected
= = = Comacted

UnCorrected

PSD (dBm/Hz)

[} h
—&0 &4 Corrected s
] "“',n'
of
- Yy L} -
65 o Pl .
T 2134 2136 2138 2.14 2142 2144 2146
Frequency (GHz) %10

Figure3.9: The Effectiveness of predistortion in suppressing spectral regrowth, with and without

J'I )
correction.|£| Di ,z=50km ford Lu=30%.

To see the effect of adiabatic chirp for LTE signals on EVM, a test is done where length is fixed

to be 50Km and adiabatic chirp is varied from 30 to 446-. The trend inFigure 3.10

substantiates that higher theof the adiabatic chirp, highes the EVM value, e.g. at 330—,

contribution of the adiabatic chirp, the corrected EVM is 2.918s compared to 3.6% for
uncorrected EVM. In order to highlight the EVM improvement by the proposed predistorter, the
comparison between the congbn of received Physical Downlink Shared Channel (PDSCH)

with and without correction. There is an appreciable improvement in the received constellation
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of PDSCH for the corrected case as compared to the uncorrected case. This validates that the

proposedredistorteimproves the EVM.
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Figure3.10: Comparison between the EVM values (for LTE Signals), for varying % of Adiabatic Chirp
for fixed length z=5&m for 4 Ly P, with and without the application of the proposed

predistortion technique

A comparative overview of LTE signals for minimum aneximum adiabatic chirps at &fn is
gathered in Tabl&-3. For 33— of U , with the proposed DPDT, ACLR i62.77 dBc and

without the DPDT, the value 88.29 dBc, with an improvement of 14.48 dB. However, EVM
results reveal that with tHePDT, its value is 0.6®0, whereas without the DPDT, it is 0.84

Similarly, for 450— of 0 , the improvement with DPDT is 10.1 dB in terms of ACLR and

EVM is reduced from 3.%to 2.2% i.e. reduction in EVM is 400 of its uncorrected value.

Setup ACLR (dBc) EVM (%)
, L Oq
v O G —~
ao
w/o DPDT -38.29 0.81
with DPDT -52.77 0.60
0 "Oq
V] TUH—F
ao
w/o DPDT -19.9 3.7
with DPDT -30 2.2

Table3-3: Linearization Performance fadiabatic Chirp (Minimum and Maximum Values)
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3.5Feasibility of the Proposed Predistorter

As far as realization is concerned, a primary role is played by the ADC, which constitutes the
first block of the predistorter (see agé&igure3.2) andconverts them@alog input signal to a digital
signal that can be processed either in a DSP or in a FPGA. As it is established that cost of an ADC
is closely related with performance capabilities, higher is the sampling rate of an ADC, higher is its
cost. Note howeverhat the sampling rate is related to the bandwidth of the modulating signal.
Increasing the order of the modulation scheme (e.g. 256 QAM instead of 64 QAM) would not
require an ADC with higher sampling rate. In any case, bandpass sampling theory could be
enployed to appreciably reduce the sampling rate, without any replica overlapping, as proposed by
various authors in different fashiof&25-3.27] In this view, for the presented application, use of
ADCO08DJ3200 6.45SPS Singl&Channel from Texas Instrumgsns envisaged.

3.6Conclusion

A numerical predistortion technique, based on a rigorous mathematical simulation
model, is proposed which aims to improve the performance of the RoF link. The nonlinearity
compensation technique evaluates the imtedulation related quantities like
ACLR and EVM of signals under test. The performed simulations gives a quantitative
idea of its beneficial é&kcts. When adiabatic chirp is considered, the simulated results
guar ant ee A at present o a s4 dBrifdri ofa22@ MHz/edu c t
mA when length is 50km and MIM is 30%. Similarly, EVM is reduced from 2.95 to
1.6% with the proposed technique. The simulation program can be a helpful tool for the
design of coseffective RoF link. The proposeapproach is advantageous as it compensates the
disturbance caused by the phase of the field and it is adaptable to other Ilaser
models. Higher levels of practical realizability are featured by the proposed technique
with respect to other Digital Predistati solutions, while maintaining good degrees of
nonlinearities compensation. The realization of the predistortion system is anticipated,

since it can be realized using Field Programmable Gate Arrays of typical characteristics.

67



References

3.1Wake, D.,Nkansah, A., Gomes, N.J.: Radio over fiber link design for next generation
wireless systems. IEEE/OSA J. Lightwave Technol. 28(16), 1268 (2010)

3.2Alcaro, G., Visani, D., Tarlazzi, L., Faccin, P., Tartarini, G.: Distortion mechanisms
originating from modl noise in radio over multimode fiber links. IEEE Trans. Microw.
Theory Tech. 60(1), 18394 (2012)

3.3Morant, M., Llorente, P.: Performance analysis of multiple radicess provision in a
multicorefbre optical fronthaul. Opt. Commun. 436, 1667 (2019)

3.4Visani, D., Okonkwo, C.M., Shi, Y., Yang, H., van den Boom, H.P.A., Tartarini, G.,
Tangdiongga, E., Koonen, A.M.J.: 3xZNAM constellation formats for DMT overthm
core diameter plastic optical fiber. IEEE Photonics Technol. Lett. 23,77682011)

3.5Kabono, F.M., Dilshad, M.U.: Impact of radio over fiber technology for integrated 5G
front and backhaul applications. In: 2017 IEEE 2nd advanced information technology,

electronic and automation control conference (IAEAC), Chongqing, ppi 1081 (2017)

3.6 Thomas V.A., El-Hajjar, M., Hanzo, L.: Performance improvement and cost reduction
techniques for radio over fiber communications. IEEE Commun. Surv. Tutor. 17(2), 627
670 (2015)

3.7Nanni, J., Polleux, J., Algani, C., Rusticelli, S., Perini, F., Tartarini, G.: \[Cli%i5ed
radio-overG652 fiber system for shefinediumrange MFH solutions. J. Lightwave
Technol. 36(19), 443@437 (2018)

3.8Meslener, G.J.: Chromatic dispersion induced distortion of modulated monochromatic
light employing direct detection. IEEE J. Quantk&iectron. QE 20, 1238216 (1984)

3.9Vieira, L.C., Gomes, N.J., Nkansah, A., Van Dijk, F.:Behavioral modeling of 1acke
fiber links using memory polynomials. In: 2010 IEEE international topical meeting on
microwave photonics, Montreal, QC, ppi88 (2010

68



3.10Roselli, L., Borgioni, V., Zepparelli, F., Ambrosi, F., Comez, M., Faccin, P., Casini, A.:
Analog laser predistortion for multiservice ragiverfiber systems. IEEE J. Lightwave
Technol. 37(5), 12111223 (2003)

3.117hu, R., Zhang, X.: Broadband predistonticircuit design for electrabsorption
modulator in radio over fiber system. In: Proceedings of the optical fiber communications
conference and exhibition (OFC), San Francisco, CA, USA (2014)

3.12Huang, H.T., Lin, C.T., Chiang, S.C., Lin, B.J., Shih, P.Tl8g 6 o ma , A. Vo
nonlinearity compensator for 1/Q imbalanced mmave OFDM RoF systems. In: 2015

International topical meeting on microwave photonics (MWP). pp.(2015)

3.13Fuochi, F., Hadi, M.U., Nanni, J., Traverso, P.A., Tartarini, G.: Digital pradigh
technique for the compensation of nonlinear efects in radio over fiber links. In: 2016 IEEE
2nd international forum on research and technologies for society and industry leveraging a
better tomorrow (RTSI), ppi®6 (2016)

3.14Hadi, M.U., Nanni, J., Trarso, P.A., Tartarini, G., Venard, O., Baudoin, G., Polleux,
J.L.: Experimental evaluation of digital predistortion for VCS&EEMFbased Radimver
Fiber link, In: 2018 International topical meeting on microwave photonics (MWP),

Toulouse, France, ppi 4 (2018)

3.15Mateo, C., Carro, P.L., Gareldacar, P., De Mingo, J., Salinas, |.: Radwerfiber
linearization with optimized genetic algorithm CPWL model. Opt. Express 25(4)j 3694
3708 (2017)

3.16Hadi, M.U., Traverso, P.A., Tartarini, G., Venard, O., BaudoinP@lleux, J.L.: Digital
predistortion for linearity improvement of VCSERSMFbased radimverfiber links.
IEEE Microw. Wirel. Compon. Lett. 29(2), 16557 (2019a)

3.17Hadi, M.U., Nanni, J., Traverso, P.A., Tartarini, G., Venard, O., Baudoin, G., Polleux,
J.L.. Linearity improvement of VCSELSs based radio over fiber systems utilizing digital
predistortion. Adv. Sci. Technol. Eng. Syst. J. 4(4),i 183 (2019f)

69



3.18Shafik, R.A., Rahman, M.S., Islam, A.R.: On the extended relationships among EVM,
BER and SNR aperformance metrics. In: 2006 International conference on electrical and

computer engineering, Dhaka, pp. 4881 (2006)

3.19Tartarini, G., Faccin, P.: Efcient characterization of harmonic and intermodulation
distortion efects in dispersive radio over fiberstgyns with direct laser modulation.
Microw. Opt. Technol. Lett. 46(2), 11417 (2005)

3.20Visani, D., Tartarini, G., Tarlazzi, L., Faccin, P.: Transmission of UMTS and WIMAX
signals over costefective radio over fiber systems. IEEE Microw. Wirel. Compon. Lett.
19(12), 831833 (2009)

3.21Koch, T.L., Linke, R.A., Hanzo, L.: Efect of nonlinear gain reduction on semiconductor
laser wavelength chirping. Am. Inst. Phys. Appl. Phys. Lett. 48, &l153(1986)

3.22Wei, C.C.: Smatsignal analysis of OOFDM signal transmission vditectly modulated
laser and direct detection. Opt. Lett. 36, 11H3 (2011)

3.23Nanni, J., Barbiroli, M., Fuschini, F., Masotti, D., Polleux..J.Algani, C., Tartarini, G.:
Chirp evaluation of semiconductor DFB lasers through a simple Interfercheetey(IB)
technique. Appl. Opt. (OSA) 55(28), 778&95 (2016)

3.24Villafranca, A., Lasobras, J., Garces, |.: Precise characterization of the frequency chirp in
directly modulated DFB lasers. In: Spanish conference on electron devices, ppra73
(2007)

3.25Betta, G, Capriglione, D., Ferrigno, L., Miele, G.: Innovative methods for the selection
of bandpass sampling rate in ce$ctive RF measurement instruments. Meas. J. Int.
Meas. Confed. 43(8), 98993 (2010)

3.26Braithwaite, R.N.: Wide bandwidth adaptive digital ¢istortion of power amplifers
using reduced order memory correction. In: Microwave symposium digest, IEEESMTT
international, pp. 1517520 (2008)

3.27Liu, Y., Yan, J.J., Dabag, H.T., Asbeck, P.M.: Novel technique for wideband digital

predistortion of powerraplifers with an undesampling ADC. IEEE Trans. Microw.

70



Theory Tech. 62(11), 2602617 (2014)

71



Chapter/4

Experimental demonstration of Digitatedistortion for

Radio over Fiber/(RoF) Systems

The contents of this chapter are taken fror] Jl18]-[J9], [C1]- [C3] and [Al] where we
presented the characterization of digital predistortion method for Analog Radio over Fiber

Systems.

The utilization of Analog Radio over Fiber System is prone to neatities. In previous chapter

we discussed a digital predistortion method based on behavioral model of radio over fiber system
that compensates the nonlinearities due to combined effect of laser chirp and fiber disipersion
this chapter, DPCbased methis are discussed for the short range RoF links where laser

nonlinearities are the primary source of nonlinearity
The chapter is organized as follows.

1. The first part discusses the experimental demonstration of DPD technique to VCSELs
based RoF links. Here, the DPD application is discussed separately for Single mode
VCSELs and MultiMode VCSELSs respectively for varying link lengths.

2. The second part dissses DPD technique implied to DFB based RoF links. DPD efficacy
is discussed by comparing MBMP and DVR models.

3. The third part discusses a Mutthannel DPD methodology implied to both, VCSELs and
DFB based RoF links.

The chapter is organized as follew

Sec 4.1 discusses DPD methodology implied to VIGSkhile Sec. 4.2 explains DPD
methodology for DFB based RoF links. Sec. 4.3 includes the demonstration of DPD for
multichannekarriers applied to both, VCSELs and DFB based RoF links. Sec. 4.4 intsatlace
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concept of real time implementation of the proposed DPD medhddSec. 4.5 concludes the

chapter.

4.1 Experimental Demonstration of Digital Predistortion for VCSELs based RoF links

In this section, we will discuss the developed methodology thatdeasdpplied to class of

links which utilizes VCSELs for fronthaul applications. The section will first introduce the
significance of VCSELSs for short link applications followed by the need of DPD in such scenario.
Then, we discuss the developed methoditsademonstration for single mode and mutibde
VCSELs.Finally, conclusions are drawn for this section.

While considering thehortmedium reach networks, OFHs based on the RoF technology
can be realized utilizing Standard Single mode Fiber (SSMF) orMildtimode Fiber (MMF)
[4.1]. In both cases, a possible solution which keeps low levels cost and power consumption can
be obtained utilizing Vertical Cavity Surface Emitting Lasers also known as VCSELSs which emit

in the first optical window (wavelength=850 nm) as the optical smer.

While the use of VCSELSs operating at short wavelengths is a relatively consolidated choice
finding application e.g. in combinations with Plastic Optical Fibers withibuilding networks
[4.2-4.3] or in combination with MMFs within dateenters 4.4], care must be taken in front of
the possible impairments due to the multimodal behavior of SSMFs that operate at the 850 nm
[4.5].The presence of multimodal behavior would indeed be absent if expensive VCSELSs
operating at 1.3 aand 1.55 d&were utilized , in which the major SSMElated impairments
could just be ascribed to optical nonlinear effects and/or to chromatic dispetsieh6].
However, appropriate countermeasures have been proposed, which can prevent this last

impairmentcause to be critical[7-4.8].

Besides the cited OFH, VCSHiased RoF systems can be found in multivariate scenarios,
being utilized for radio astronomic signal transmiss#@][ multi service indoor wireless signal

distribution j.10], or machine leaning detection4.11].

In all these cases, a cardinal issue is represented by the impairments of -#leaiptaic
devices and particularly the whole VCSEL based Radio over Fiber sySteim.nonlinearities,
that arise due to relatively stable causes hlonlinear attributes coming from laser diode and
perhaps fronphotodiode 4.12]. These nonlinearities can also arise due to little dynamics of
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VCSELs B.13], e.g., when high Pedaio-Average Power Ratio (PAPR) signals are trattsuhi
and can have amportant role especially for multhannel transmission. They indeed can cause

high in and out of band distortion, which leads to higher interference among near channels.

In this section we apply DPD based linearization to VCSELSs based IRd®, particularly,
the linearization is applied to Single Mode (SWMESELs and MultiMode (MM) VCSELSs The

novelty of the workpresented isummarized as follows:

1.A novelevaluationis performed by considering the SM VCSBased RoF system, naly in
B2B configuration, but equipped with SSMF spans of different lengths;

2 Moreover, also Multimode (MM) VCSEbased RoF systems are analyzed, utilizing different
lengths of MMFs

3.In addition, the DPD techniques evaluatedbased on Memory Polynomials (MRnd
Genealized Memory Polynomial (GMP)where GMP in general shows an improved
effectiveness with respect to MP;

4.The DPD is trained and tested near to threshold to check the efficacy of the proposed technique.

As a performance index evaluation, the link lingantprovements are observed by calculating
the Adjacent Channel Power Ratio (ACPR), Normalized Mean Square Error (NMSE), spectral
regrowth, Normalized Magnitude (AM/AM) and Normalized phase (AM/PM)The
characterization has been done for two different FGSto show linearization. Firsthn Section
4.1.1, the DPD methodology is discussed for-8®ISEL. 4.1.2 modeling methodology is
highlightedfor MM-VCSELSs based RoF linkshile in Sectiord.1.3,conclusions are drawn

4.1.1 DPD Methodology Implied to SMVCSEL

In this section, DPD for SNWCSELs will be considered only. The detailed modeling

methodology is discussed followed by experimental setup and results and discussion.

4.1.1.1Modeling Methodology for SM-VCSELs based RoF links

The architecture of the predistortion technique is shoviAigare4.1 which utilizes Indirect

Learning Architecture for the estimation of PD training coefficiedtd4f4.17]. Since the
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statistic of the waveform will remain the same over time, therefore, it can be assumed that system
nonlinearity is not time varying and ttraining of the predistortion can be applied in &nlioe
practice. This will not only reduce the expenditures and over heads of the predistorter but also
avoids the need of an identification algorithm. The identification of DPD is performed in one

step Hence, a linear estimation of PD coefficiersultsin straightforwarddentification.

u(n) Digital 1 x(n) { RoF y(n) s

]
I
I
(Pre- Distorter |
Training block) :

Pre-DistorterJ System
J

7}
R [ i
I e(n) zp(n) I
I (yes) — I
I \l' I
I ) . |Z(n) 1 (J
I le(n)| < |e|ref? MP/GMP [€ C
: | no) ¢
I
I
|

Figure4.1: DPD identification for RoF utilizing ILA

At first, the training phase calculates the predistorter coefficients. At this point, the RoF

system outpu ¢ , becomes inpui £ to the PreDistorter Training block which is defined as
a & —— where' denotes the gain of the system. The coeffisi@ppraisal can be made

using leassquareshased algorithm and is described in 26.1 The convergence point of the
training is achieved by minimizing the error function. Eventually, the computed training
coefficients are employed to the predistorederred as Digital PrBistorter inFigure4.2. The

predistorter models utilized are derived from the classical Volterra series.

4.1.1.2Digital Predistortion Model

A. Memory Polynomial (MP) Model

Memory Polynomial (MP) model is referred as an inverselmaar model that has been
exploited previously as a powerful model for both, inverse and direct modeling of power amplifier
(PA) nonlinearities. Applying this model for RoF has an additional adgarsince memory less
model might have problems to characterize the elegitcal (EO) conversion phenomena
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accuratel. The MP model is generally referred as a compromise between memoryless nonlinearity

and full Volterra series due to presence of diafjomemory. The output in this case is referred as:

a € WaE NwE Nsg (4.1)

HereO represents order of ndimearity, U is referred as the memory deptinrepresents the

predistorter input sequence ahd denotes the model coefficients.

B. Generalized Memory Polynomial (GMP) Model

The use of Generalized Memory Polynomial (GMP) model has been widely utilizétefo
linearization of PAs4.18]. However, GMP has not been yet evaluated for RoF with varying
lengths. The GMP model basis functions possess memory for both, for the diagonal terms as well
as for the crossingtermsi.eg 1 we 1 S ,where] 1. The output of the post inverse

blockd & modeled with GMP can be expressed as:

Q @& NnwE n is (4.2)
where & & AT (¢ represents the DPD output and input respectively. Similarly,

® M andQ denotes the complex coefficients for the signal and the envelope; signal and
lagging envelope and signal and leadimyedope respectivelyQ represents the index of
nonlinearity, andjfi represents the indices of the memory. Whiled ,0 are the maximum
orders of nonlinearity) M ) are the memory depths, white and’Y exhibits the laggingrad
leading delay tap lengths, respectively. GMP has been applied choosing =0 =0,
0 =0 =0 =0 andY Y V.
The main objective of the predistorter is to minimize the el ( @ ¢ @¢E ) between

thed & and the inputvof the RoF system.
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4.1.1.3Estimation Algorithm

There are number of least squares (LS) algorithm for estimation of model coefficients that take
the linear weighting of nonlinear signa18-4.21]. The formulation of the estimation initiates
with collecting the coefficients e.ga, ,'Q andQ intoaR! 1 vectoro.'Yrepresents the total
number of coefficients: means a signal whose time will sample over the same periodd€omg
(2), coefficientsly denotes the signabé¢ p & p s .2t characterizes the collection of all
such vectors into a x 'Y matrix. Once the convergence condition is obtained, the output of the
predistorter training block become§: ¢ @wé& and kenced & 0 € . For total samples,
the output can be written in the following way:

. o (4.3)

Where» aGpha0 ,». a pieda 0, whileo displays a R 1 vector that
contains the coefficient® , Q andQ &he LS solution will then become a solution for the
equation expressed as:

Ldo Lo (4.4)

The LS solution in (4) should minimize the cost function
0 a e Wt (4.5)

The advanced variations to Volterra series in form of MP, GMP and others increases the
effectiveness of predistortion. However, this advanced variation can camexistence by
increasing the memory depth and nonlinearity order. However, this will iexiate the
computational complexity and this has to be weighed against other simpler expediencies. Moreover,
the performance would generally be more efficient if the predistortion model has higher number of
coefficients. This means that while selectingrtiealel and its complexity, a smart tradeoff between
complexity and performance can be made accordingly.

4.1.1.4Experimental Setup

The experimental test bed utilized for demonstrating and validating the proposed DPD technique is
shown inFigure 4.2 The baseband LTE signal ofMHz with 64 QAM modulation format is
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emulated through a domestic software on MATLAB compliant with 3GPRgseldS 36.104
V15.2.0 B.22]. The signal is oversampled at 38.4 MSa/s. After this, the sampled sequence of signals
passes through the DPD block, which is thentRRRsformed at 800 MHz by a Vector Signal
Generator (VSG) (sdéigure4.2) and is then sent the optical link.The signal at the output of the

RoF is then dowatonverted to baseband by a Rohde and Schwarz Vector Spectrum Analyzer (VSA)
which provides this down coverted baseband received signal for post processing to PC workbench.

VSA has frequencrange between 2 Hz and 8 GHz.

A Single Mode VCSEL (Optowell), that operate at 880, which is followed by a fiber span
(SSMF) and a PIN photodiode, having 2.5 GHz bandwidth and responsivity factor of 0.6 A/W
constitutes the RoF link The SSMF for varying lengths has been utilized so that the effect of
length on the DPD technique can be observed.

SIGNAL GENERATORO s, (RF,.) | _SIGNAL ANALYZER
S8 [—>|SM-VCsEL | 1 PIN —> 85
SM-Fiber

S5 ne. [«=q -
¥ O L Oy

2
Train.| |LTE||LTEgg l

N &
ilera “FPOJ NMSE,

Z

Figure4.2: Experimental evaluation comprising of DPMining and application phase.

The process of predistortion is carried out in two steps. The first step is referred as a training phase.
In training phase, the parametdentification forpredistorter is carried out as referredrigure

4.2. During the training phase, reference LTE frames are utilized (segtdlack inFigure4.2).
Primarily, input and output signals are synchronized i.e. time aligned (see S¥iguria4.2).

This block finds the time delay estimation by utilizing the @yonization Signals (Primary and
Secondary) accessible in the LTE framework.
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Then, the predistorter coefficients are procured through the PD models utilized (see Train. in
Figure4.2). In the second step i.e. the testing phase, the training coefficients obtained in previous
step are utilized to apply DPD in MATLAB. This means thlhswitches are turned to opposite
position inFigure4.2and the testing is done for LTE frames followed by samplingdistertion,

and then uploaded to the Vector Signal Generator (VSG). Finally atleeghannelizethrough

the optical link and perfonance metrics are compared with the one without predistortion. It must
be noted that the DPD testing and validation is not only evaluated for the reference LTE signals
that were used not only for training, but also for generalized LTE fraDegails of mrameters

utilized is given in Tabld-1.

Optical Link
Parameters Values

Component
SM-VCSEL
Wavelength= 850 nm
0 TAO0

Laser

0 cao

RIN =-130 dB/Hz

Maximum Length= 1.5Km
SSMF Fiber Attenuation = 2.5—

Responsivity = 0.6 AW
Bandwidth = 2.5 GHz

Photo detector

Table4-1: System Parameters
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Figure4.3: L-1-V characterization utilized in thevaluation of DPD experiments for SWICSEL.

4.1.1.5Results and Discussion

The efficacy of the linearization method is appraised and brought into discussion in this
section. A primary attention should be given while selecting the parameters of the pegdisti
as memory depthd() and nonlinearity order().

The L-1-V characteristic curve of SMCSEL utilized is illustrated irFigure 4.3 In SM
VCSEL, the maximum saturation currei@ (is 5 mA while threshold currentY) is 2 mA. The
biaspoint (O ) is chosen at 4 mA.

The predistorter complexity is dependent upon the model and ondlerrwfy chosen. In order
to show the trend of this fadtjgure4.4 elaborates the experimental NMSE results for different
choices of) andv usng both models.

The evaluation irFigure4.4 has been done for varying orders 6f(0, 1, 2 & 3) and non
linearityv (3, 4, 5 & 6) by applying a higher RF input poweidd@ ¢ It can be perceived that
GMP results in higher reduction of NMSE in cpanison to MP at lower orders 0f From this
initial finding, the optimal value® plt AT B8 oare chosen, resulting from a tradeoff

between performance achieved and complexity required to the system.
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Figure4.4: Normalized Mean Square Error results with varying values of memory deptti Nonlinearity
Order0.

In addition to NMSE, to show the effect of increasing complexity of the proposed distorter,
keeping the value oY p fixed, Figure4.5 represents the ACPR for M® ( plt AT & 0)
and GMP ) plt AT & 0) for 1 Km of SSMF. It is perceived that ACPR for MP model
doesnodt satisfies 3GPP ACPRPRAT®R qa) aftereSdBmaf f or
input power. While, GNP with0 p A TOA o satisfies the requirement, however, it is exactly
on the borderline at'Q® 6 ¢of RF input power.

Considering GMP withh ¢AT R o, the ACPR is well below the requirement set by
3GPP, hence the higher complexity enhances the penfmen This demonstration shows that the
performance can be enhanced at the cost of higher complexity of the PD model.

Similarly, the Power Spectral Density (PSD) of the received sequence is analyzed when both
models are implemented. The length is fixed km and RF input power is @m The results

have been arranged for comparison of MP and GMP with same oradlemaf0 .
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Figure4.5: ACPR outcomes vs. input RF powa¥=(1,2,R=1 and0 =3 for MP & GMP).

ConsiderFigure4.6(a), the DPD for received output signal is demonstrated for both models
by fixing K=3 andQ=1. It is noticeable that GMP has higher reduction in spectral regrowth
reduction as compared to MP. Then, in orddrigilight the effect of increasing the complexity
order, the PSD of GMP and MP are comparedfe8 andd =2 in Figure4.6 (b). This shows that
DPD for0 =3 and0 =2 is stronger as comparedite3 andd =1 due to which spectral regrowth
reduction in laer case is higher. Similarly, GMP for=3 and0 =2 results in ACPR 044 dBc
as compared teB7 dBc when GMP is utilized fobE3 and0 =1). This substantiates that GMP
has better ACPR reduction than MP. This conclusion seems justified due to ttlrefaéMP
carries memory not only in the diagonal but also in the crossing teriight of this discussion
and results in the Figure 4.4, 4.5 and 4.6, GMP with optimal values¢ AT (A ¢ keeping
Y pfixed have been selected from a tradeoff between performance achieved and complexity
required to the system.
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Figure4.6: PSD evaluation of output signal without and with DPD (MP/GMB)® &or 1 Km SSMF
with SM-VCSEL having: (a)Q=1, R=1,K=3 and (b)Q=2, R=1, K=3.

In Figure4.7, the ACPR experimental outcomes for several RF input powejsafe reported
for SM-VCSEL with SSMF. There are three different cases discussed: Patctbaokdd back),

1 km fiber length and 1.&m fiber length case. By increasing the length of the fiber, the leakages

in adjacent channels rise and therefore the worsening occurs with legbtrs. By employing

linearization, it can be seen that fiber length with different lengths have different linearization

profil es.

For

i n skindengthecase, the AGPR withoutnlisearidatian atD. 5

Q6 ds-18'Q 6 ,@nd with linearization employed, it is reduced by®8 t -40Q 6.0

-10 |

ACPR (dBc)

SM-VCSEL 850 nm with SSMF
\ \ \ \
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Figure4.7: ACPR results vs. varying input signal power usibgZ ando =3 for GMP) for SMVCSEL with SSMF.
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It can be deduced from the trendrigure4.8 thatthe proposed DPD technique linearizes the
length cases as well. Indeed, linearizing the laser nonlinearity is primary aim of the short link
lengths, however, in addition to an optical channel consistiagfiber patch cord (few meters of
length), the proposed technique works efficiently for longer fiber lengths.

It must be put into evidence that linearization method has been evaluated for conditions which
are very critical such as high PAPR ai@ close to the threshold with optimal valuekoand
Q. If these critical conditions are relaxed, this will lead to better linearization performance of the
predistorter.

Figure 4.8 represents the AMMM and AM-PM statistics with and without the lineariizan
employed for the RoF link consisting ofkin SSMF and SMVCSEL. In Figure 4.8 (a), The
normalized magnitude with respect to output is shown for the case with and without DPD. With
DPD, the curve is a straight line. Similarly, It can be sedfigare 4.8 (b) that after DPIhe

AM/PM is now a straight line and the phase differesaeduced to within 2 degrees.
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Figure4.8: (a) AM-AM and (b) AM-PM plots for SMVCSEL at 1km of SSMF for 0CdBmof input RF
power with and without DPD.

Figure 4.9 shows the EVM computation of SMCSEL for 1 km length utilizing MP and GMP for
O 0,0 ¢ ltisunderstandable that EVMduction with GMP is higher than MP.
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8 EVM Comparison with DPD and without DPD for SM-VCSEL and SMF 1 km
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Figure4.9: EVM results vs. varying input signal power usiig=¢ andb =3 for GMP) for SMVCSEL
with SSMF.

Table4 .2 reports the results of the proposed technique, referrekinboot link length with 0dBm

The results are summarized for MP and GMP wit{8 and) =2 in terms of ACPR and

NMSE. The suggested technique linearizes the\&\SEL link and MMVCSEL. Indeed,Table

4.2 suggests that linearization with GMP is better than MP for link length of 1 km (SM for SM
VCSEL). The reduction in ACPR and NMSE for SKCSEL is 22 and 20 dB respectively.

Table4-2: Linearization performance for proposed DED = 0dBm, Link length= km)

SM-VCSEL
Model NMSE (dB) | ACPR (dBc) | EVM (%)
Without DPD -19.86 -20 6.8
With GMP (K=3, Q=2) | -41.548 44 4.7
With MP (K=3, Q=2) | -31.25 35 34

4.1.2 Linearization of MM -VCSEL-MMF based RoF systems

It was explained in the introduction of Sec. 4.1 that the use of VCSELs operating at short
wavelengths is a relatively consolidated choice finding applications in multi vecetarios. Not
only SM-VCSELs but also MMVCSELs have applications in realistic scenarios e.g. in

combination with MMFs within data centers [4.4].
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However all these systems are prone to impairments of the-aptdronic devices. These
nonlinearities can also arise due to little dynamics of VCSELSs, e.g., when highoPeairage
Power Ratio (PAPR) signals are transmitted and can have an important sa@lgsfor multr
channel transmission. They indeed can cause high in and out of band distortion, which leads to
higher interference among near channels. Thereforengdsssary to linearize these links and

diminish the nodinearities.

In this sectionyve will discuss in detail the linearization method implied for MfM@SEL-MMF

based RoF systems.

4.1.2.1 Experimental Setup

Figure4.10shows a block diagram of the experimental testbed used for the validation of the
proposed DPD technique for MMCSEL. A MM-VCSEL, operating at 85Gim wavelength, is
followed by a MMF and a PIN photodiode, with responsivity of 0.6 A/W ands23 bandwidth.

The baseband LTE-BIHz signals, emulated according to 3GPP Release 13 through a local
MATLAB software with 64 QAM format, are @rsampled (ADC irfrigure4.10 at a rate of 38.4
MSa/s. The sampled signals pass through the DPD block, acerRErted (800 MHz) by an
Agilent N5182B MXG XSeries Signal Generator (deigure4.10 and sent to the optical link.

In the DPD training phaseeference LTE frames are utilized (LAge block in Figure4.10),
the input and output sequences are first synchronized in time. (3gak in Figure4.10. This is
accomplished through an-hmouse developed algorithm, which finds the cromselation or
time delay estimation, by capitalizing the Primary Synchronization Signals and Secondary
Synchronization Signals present in the LTE fraiitee DPD coefficientsare therobtained Train.
block inFigure4.10 through an irshousedeveloped MATLAB program.

In the DPD testing phasEifure4.10with all switches turned to opposite position), different
LTE frames are sampled, predistorted, uploadaetieSignal Generatoand transmitted through
the optical link. ACPR and NMSE are theevaluated and comparedttee corresponding case
when no DPD is applied. It is worth noticing that the DPD is tested not only for the ref signals that

were used for training, but also for general LTE frames
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Figure4.10: Experimental evaluation comprising of DPD training and application phase.

The reason performing the test with reference to Md-VCSEL-MMF based RoF
configurations is related to the fact that, according to the particular applicative context, may make
it preferable with respect to tt®&M-VCSEL-SMF based RoF systerradeed, he SMVCSEL-

SSMF based link can indeed feature convenience in terms dadrg$kexibility, because of the
lower cost per meter of SSMF with respect to MMF, and because of the huge transmission
bandwidth of the SSMF. The MIMMCSEL-MMF based link can take advantage of a typically
higher dynamic range and emitted/coupled poweheMM-VCSEL over MMF with respect to

the SMVCSEL over SSMF case.

Table4.3contains the parameters utilized in the experimental berteécid.1.2.1.
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Table4-3: System Parameteutilized in MM-VCSEL-MMF based RoF system

Optical Link Parameters Values
Component
MM -VCSEL
Wavelength= 850 nm
Laser ‘O TG0
O @& O
RIN =-125 dB/Hz
MMF
Fiber Maximum Length = km

Attenuation = 2.5—

Photoe detector

Responsivity = 0.6 A/W
Bandwidth = 2.5 GHz

4.1.2.2Results and D

iscussion

The efficacy of the linearization method is discussed and brought into discussion in this section.

As discussed previoyslprimary attention should be given while selecting the parameters of the

predistorter such as memory depi) &nd nonlineanjt order (). The L-I-V characteristic curve

of MM-VCSEL utilized are illustrated irigure4.11 In MM-VCSEL, the maximum saturation

current (O is 8 mA and threshold curreri®() is 0.8 mA. The bias point@ ) is chosen to be 4

mA. The signals having higher PAPR will give rise to higher distortions owing to small dynamics.
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Figure4.11: L-I-V characterization utilized in the evaluation of DPD experiments for-WOSEL.
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The PAPR of signal utilized is 9dB. In Figure4.12 the PSD of MMVCSEL for 1km utilizing
O 0,0 cisshown. Since GMP results in better reduction than MP, we have shown results

with GMP only for simplicity.
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Figure4.12 PSD comparison between MP and GMP using DPD experiments foiVISEL.

In Figure4.13 the ACPR of MMVCSEL with four different lengths is shown up tkih. For
instance, km length, the uncorrected ACPR atiBmis around-22 dBcwhile the linearization
results in a significant reduction 186 dBc It can be seen from the trendRigure4.13that the
proposed DPD technique linearizes the length cases as well. Indeedzifigetine laser
nonlinearity is primary aim of the short link lengths, however, in addition to an optical channel
consisting in a fiber patch cord (few meters of length), the proposed technique works efficiently

for longer fiber lengths.
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It must be put ito evidence that linearization method has been evaluated for conditions which
are very critical such as high PAPR af@ close to the threshold with optimal valueskoand
Q. We have chosen the biasing point of VCSEL by intention so that hecahown that DPD is
operational even for critical conditions. Indeed, if these critical conditions are relaxed, this will lead
to better linearization performance of the predistorter.

20 MM-VCSEL 850 nm with MMF

Without DPD 300 m | | | /Without DPD 1000 m
“ " BV
-25 —5¢-
;& ~ Without DPD 75 m |
g'3°</
$7 _ -
T & - -
5'35 No DPD, Patch Cord 'Vith DPD 300 m .-
o N
O -40 - With DPD 1000m  _ _ - — R
< X= T T e
- T ettt —_—
- maeeetttT AL == T "
-45 - SN T e ix - g e
ﬁ' ot _: ------------ — -
50 - ‘ﬁ"‘_"__,___r. _____________ ’—__’_,- \
-7 :_:_:.:-Z-Q """""""" $\N With DPD PatchCord
Y, el | | | | | ith pPD 75 m | |
-20 -18 -16 -14 -12 -10 -8 -6 -4 -2 0
P, (dBm)

Figure4.13: ACPR resiis vs. varying input signal power using=2 and) =3 for GMP) for MM-VCSEL
with MMF.

Similarly order of linearization in terms of EVM is expresseHigure4.14. It is visible that MM
VCSEL-MMF at 1 km can be linearized well in the limits by utilizing MP/GMP architecture,
though, GMP surpasses the linearization from MP.

8 EVM Comparison with DPD and without DPD for MM-VCSEL and MMF 1 km
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Figure4.14: EVM results vs. varying input signal power usifig=@ andb =3 for GMP) for MM-VCSEL
with MMF.
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Table4.4 reports the results of the proposed technique, referredrodt link length with O
dBm The results are summarized for MP and GMP wi#8 and0 =2 in terms of ACPR and
NMSE.

MM-VCSEL
Model NMSE (dB) ACPR (dBc) EVM (%)
Without DPD -17.63 -22.04 6.45
With GMP (K=3, Q=2) -33.18 -36 21
With MP (K=3, Q=2) -30.14 -29 3.4

Table4-4: Linearization performance for proposed DRDMM-VCSEL-MMF

(0 =0dBm, Link length= km)

The reduction in ACPR and NMSE for MMCSEL 14 and 16 dB respectively.
The improvement for MMVCSEL is different from SMV/CSEL (see sec. 4.1.1.5) because the
nonlinearities of two lasers are differeitshould be noted that MMWCSEL can achieve higher

linearization by selecting appropriate sets of coefficients.

4.1.3 Discussion and Conclusions

The time devoted to the periodicattraining of the Digital Predistortion system would in any
case remain negligle with respect to the time of normal operation of the RoF system, still allowing
its adoption in real applicative scenarios. Similarly, it is possible to utilize an additional photodiode
in a base station and feedback the laser nonlinearities and iapgtiog that laser is the main cause
of nonlinearity in the RoF link.

Note also that the proposed predistortion method can be applied also to LTE signals of larger
bandwidth. The polynomial models nonetheless would require higher valiie dfwith respect
to the case presented.

Considering the LTE signddandwidth and higher modulation format, they would result in a
higher PAPR of the transmitted RF sign@P[3]. At the same time, the increase in bandwidth also
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determines a correspondent increase in the overalildzamke memory of the system to be taken
into account by the model.

The polynomial models proposed can still be applied in these operating conditions. They
nonetheless would require higher values of(th& 0 with respect to the case presented in the
submitted work These requirements would ingteghe cost of the DPD implementation, which
would be higher due to the higher sampling rate of ADCs, and higher computing capabilities of
FPGAs

This sectionproposé a Digital PreDistortion mechanism for linearizing VCSEL based RoF links

with different characteristics specifically link lengths. The proposed technique demonstrates a
digital predistorter based on MP and GMP. The experiments have been prosecuted for systems
based on SM/CSEL followed by SSMF and on MM CSEL followed by MMF. The signal
transmitted was a 8ViIHz Bandwidth 64 QAM LTE signals and different link lengths have been
considered. The performance has been explored in terms of ACPR and NMSE showing that for a
link length up to km, both SMVCSEL and MMVCSEL can be linearized in good piartion.
Particularly, utilizing SMVCSEL, GMP results in 22IBs of reduction in ACPR while MM

VCSEL results in 14IBsof reduction in spectral regrowth. The results testify an encouraging link
performance with low complexity of the predistorter model. It has been demonstrated for the first

time that GMPs achieves superior linearization as compared to MP for link lepgithg.5km

4.2 Linearization of DFB-SSMF based RoF links

As discussed earlier, RoF systems offer efficient and worthwhile solutions on enhancing the
coverage and capacity of wireless links both in long and -seach networks [4.24.26].
Besides theirattractive features, such as kwegs, broad bandwidth and impunity to
electromagnetic interventions, RoF systems are prone to nonlinearities. In short range networks,
the nonlinearities due to the combination of fiber chromatic dispersion and lasentegbep
are usually negligible [4.27]. However, the ndealities owing to laser and possibly to
photodiode are of paramount importance. Consequently, the quality of transmission is degraded
and interference with near channels is aggravated. Orthogoe@gliency Division Modulated
(OFDM) signals, like e.g. Lorgerm Evolution (LTE) and fifth generation (5G) ones, are prone
to such distortions ascribed to a high péalkaverage power ratio (PAPR) in their signal

envelope.
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In order to improve the linearitpf intensity modulated/direct detection (IM/DD) RoF
systems, we present in this section Indirect Learning Architecture (ILA) based predistortion
identification for increasing the linearization of such links. In this section, referring to
Distributed Feedéick (DFB) laser based RoF links, the advantages of the Decomposed Vector
Rotation (DVR) technique will be shown, compared to Memory Polynomial (MP) and
Generalized Memory Polynomial (GMP) methods that have loeesolidated in details in
Section 4.1Secton 4.1.1 discusses modeling methodology for IIS&ction 4.2.2 discusses
experimental setup for the DFB based DPD method. In Section 42 /&dultsare analyzed by
means of reduction in Normalized Mean Square Error (NMSE), Adjacent Channel Power Ratio
(ACPR) and Error Vector Magnitude (EVNBection 4.2.4 concludes this section.

4.2.1 Modeling Methodology

The ILA used for the evaluation of DPD is depictedFigure 4.15. The predistorter
coefficients are computed during the training phase. The digitized dabenitput of the RoF

systemw ¢ feeds the Pr®istorter Training block through ¢  ——. Here"Orepresents the

link gain. The coefficients estimation takes place using any-$epstresbased algorithmOnce

the error functioQ & converges, the coefficients are passed to the DigitaDRterter block.

|_o<__0___f. ........... /_4 ......... n
: ADC Dlgltal DAC RF DFB .
| PreD|storterJ (RoFTx) |
, v ;

| sve | |

I v I
: PD .
| (RoF Rx |
i - IrFo < |
L. e . = _I

Figure4.15: DPD schematic showing RoF system utilizing Indirect Learning Architecture
A. Decomposed Vector Rotation Model

The Decomposed Vector Rotation model (DVR) architectwas suggested for the

linearization ofPower Amplifiers (PAs)4.28 and a comparative study for PAs was implied
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recently in f.29. DVR is an adapted version of the canonical piecewise linear (CPWL) functions

to handle complex valued signal. Although, generally for RoF, and DFBs in particular, the
comparison between DVR and MHAOGdaaldneedbawént beer
implementation complexity and performance efficiency in the RoF links, the use of a modified

DVR model is here proposed, which is syncopated version of the model proposed. The truncated
version considers only the linear and first order basis funclibe.idea is to show that the

modified DVR model having low complexity is efficient enough to provide better linearization

as compared to MP/GMP models for RoF link linearizalibe. simple version of DVR is

expresseads:

OrpPe BT Q (4.6)

wheread ¢ AT d¢ are the DPD output and input respectively. Similailyandc  are

the model coefficients represents the memory depth, represents elements in the

partitionwhiledf 6s show threshol ds It hat—fod@fpicte® t he pa

B. Memory Polynomial Model

The second predistorter model implemented is admargetween complete memory and
memoryless structure due to a diagonal memory that it possesses. IDist@rer Training
block output will be:

a¢e B B ®ag fPe s 4.7

while 0 shows norlinearity order0 represents mmeory depth,dis the input of predistorter

and® are the model coefficients.
C. Generalized Memory Polynomial Model

Generalized Memory Polynomiafchitecture was recently applied to RoF based VCSELSs
in [4.164.30]. The GMP isexpressed as:
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+B B B © & ADE /1S
+B B B ® a& A E n is
hered ¢ A1 ¢A¢ are the DPD output and input respectively. likewiseft>o AT &
denotes the complex coefficients for the signal and the envelope; signal and lagging envelope and
signal and leading envelope respectivély,b ,0 are the orders afonlinearity,0 0 ) are
the memory depthsY symbolizes the leading ard denotes thdagging delay tap lengths,

respectively.

In order to perform an impartial juxtaposition among the three models, once the parameters
0 and0 are chosern applying the MP model, GMP and DVR models are applied choosing

respectivelyy) =0 =0 =0,0 =0 =0 =0,and0 =0,0 =0.

4.2.2 Experimental Setup

The experimental testbed utilized is presentdegare4.16 A Multi Quantum Well (MQW)
DFB laser, working at 1320m wavelength succeeds a Standard Single Mode Fiber (SSMF) of
1.5 km having attenuation equal to 0dBkm and negligible chromatic dispersion. The optical
signal detection is accomplished by a PIN photodiode. The PIN photodiode has a bandwidth of
2.5 GHz and 0.6 A/W of responsivity. The biasing current®as p ux 0, setting the power

consumption t@an acceptable level, while being not too close to the threshold cixen@®d 0.

The LTE baseband signal of 5 MHz with 256 QAM modulation is emulated through a
domestic software on MATLAB compliant with 3GPP release TS 36.104 V15.2.0. The signal is
oversampled at a scale of 38.4 MSa/s. The sampled signals pass through the DPD block and are
then upconverted at 1 GHz utilizing an Agilent N5182B MXG Vector Signal Generator and then
transmitted to the optical link. The signal received through the veigoal analyzer is passed
through the training phase of the DPD. Firstly, the LTE reference frames are employed for

synchronizing the input and output signals (Sync. bloc¢kgare4.16).
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Figure 4.16: Schematic ofExperimental testbed. Train. Phase (yellow units active). By changing the

position of switches (green block active) DPD implemented for many LTE frames.

This block finds the time delay evaluation by utilizitng Synchronization Signals (Primary
and Secondary) accessible in the LTE framework. Then, the predistorter coefficients are procured
through the PD models utilized (see TrainFigure4.16. For the DPD validation phase (all
switches move to oppositerdction inFigure4.16), testing is done for LTE frames followed by
sampling, predistortion, and then uploaded to the Vector Signal Generator (VSG). It is noteworthy

that the DPD is validated for general frames of LTE.

4.2.3 Experimental Results and Discussion

Figure4.17shows a comparison of experimental NMSE results using MP, GMP and DVR.
In case of MP and GMP, the results have been evaluated for varyihg2 and 3) and nen
linearity ordersy (3, 4, 5 and 6) while for DVR, same ordersiofire evaluai for number of
elements in the partitions. The average value of RF input powebis TQ & &

It is perceptible fromFigure 4.17 that DVR bring about higher mitigation of NMSE as
compared to MP/ GMP. Considering that higher valués afido lead to lower values of NMSE
at the expense of an increased computational time, the average value of RF input power is
Q6 GTaking into account that higher valuesio&dnd0 lead to lower values of NMSE at the
expense of an increased computadidime, the optimal valuegs ¢ h) o have been selected

to proceed in the comparison among the architectures.
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Figure4.17: Normalized Mean Square Error results for differ@rind0 .

In Figure 4.18, the ACPR experimental outcomes for varying input powers with and without
DPD are reported, confirming that also in terms of reducing the ACPR values; the linearization

performarce proves better using DVR than GMP/MP.
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Figure4.18: ACPR for varying input power for MP/GMP/DVR

Figure4.19details the Power Spectral Density (PSD) of the output signal with and without the
different DPDs foD 0Q 6 aAs expected, DVR results in lower spectral regrowth with respect

to MP/GMP.
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Figure4.19: PSD for|fLs O™ || din the different considered cases.

Figure4.20 shows the EVM comparison with and without DPD by sweeping the input power.
DVR results in better linearization than MP/GMP at higher RF input povsessh

10
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N\ i
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Figure4.20: EVM for varying input power for MP/GMP/DVR

Table4.5 summarizes quantitatively the shown experimental results for¢ fo

o8\ote

that the proposed DPD is functional for longer link distances and higher bandwidth provided that

model is extracted with rigtit and/orv .
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Model NMSE (dB) ACPR (dBc) EVM (%)
No DPD -19.10 -27.25 8.2
MP-DPD -35.15 -44.56 2.36

1.9
GMP-DPD -40.14 -47.62
DVR-DPD -42.10 -53.45 1.65

Table4-5: Comparison among the utilized DPD modelsFa=0dBm

Finally, to further highlight the performance of the DVR modekigure4.21, the comparison

is presented in terms of normalized magnity@&/AM) and normalized phase (AM/PM)

characteristics with and without its application where the AM/AM curve is linear, while the phase

difference is highly reduced.
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Figure4.21: Effect of DVR-based DPD on AKAM and AM/PM curves for DFB based RoF links
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4.2.4 Conclusions

A novel evaluation has been experimentally carried out between DPD identification models for
DFB based RoF links. In particular, the system performance in terms of NMSE, ACPR and EVM
are estimatedy means of classical MP and GMP models and with the DVR one, based on
segmentation approach. For DFB based RoF links, the results establish that a promising link
performance improvement is obtained already at low-lmaarity order, with all the three
models. It has been however shown that DVR allows to obtain a higher degree of linearization
for all the considered quantities.

4.3 Experimental Demonstrationon Digital Predistortion for Multi -Channel Radio

over Fiber Systems

The diversity of thevireless services have been increasingiwitie past decadéulti standard
and multi band technologies are getting a lot of importance and preferred for wireless operations.
In case of distributed antenna systems (DAS), radio over fiber (RoF) is a viable technology due
to their benefits such as front haul fiber shg, scalability and low loss transmissidrhe RoF
technology plays a major role in the realization of the physical layer of 3G and 4G systems and
is expected to form the cornerstone of the future fifth generation of wireless netwoltkdband
techniqiesarewidely implied due tgotential cost and energy savittpwever, these networks
are prone tanherentnonlinearitiessuch as laser chirp, in band and cross bandlinear
distortions and optical link impairmentszor multtband RoF systems, the thdation
nonlinearities can result in both-band and croskand nonlinear distortions, which ultimately
limits the link performance anddiofrequencyRF) power transmitting efficienci@.32-4.34]
In this section, we propose a novel simplified mb#nd DPD technique fasuch multi bandRoF
systemsln the proposed techniquenstead of processing the meiand RF signal as a single
entity, the DPD is performed on the baseband signal of each individual RF band before
frequency upconversion and RF cdmmation.The compensation function is synthesized for each

RF band by involving the nonlinear impacts and memory effects from all existing RF bands.

The proposed technique provides the following advantages compared to the
previously published techniques:
i.  The nonlinearities compensation is done for each band individually.
ii. DPD technique hadependency over frequency offset.
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This section is organized as follows. Sectidhl describes and demonstrates the theoretical
undersandingabout theorinciple of the proposed architecture is described comprehensively and
the mathematical theory behind the proposed model is explained accordingly. Finally, Section
4.3.2 reports the measurement results and performance improvements thsimpgyoposed

architecture

4.3.1 Review of the developed multdimensional DPDmodels

The indirect learning architectureutilized for multtchannel DPD is shown
in Figure4.22 6 ¢ (i =1, 2) denotes the original baseband complex signal df"thand.
The output of DPD block which becomes the input to RoF lirnk i while the output of RoF
link is referred asw € . The digitalpredistorterindeed has amverse transfer fuction with

respect to the RoF linkOis the gain of the RoF link for thi@ band.

x4

uy(n x1(n)
Digital
RoF t
u,(n) | Pre-Distorter x2(n) L oF System

el(n),\é‘ zp, (M)

ex(m) 3. 7p,(m)

y
e 2
(ves) | lex)| |(ves)| |e;(m)] MP/GMP/DVR |
< < €
le|ref? {=== le|ref? 4
\
(no) (no)l )

(Pre- Distorter Training block)

Figure4.22: Schematic for Dual Channel DPD methodology for RoF System

We will discuss the PD models and their forms for the nuliéinnel cases in the following
sectionsAs both the input signals play their part in model identification process, therefore, a new
model identification model has been discussed. The model eossind dual baseband input with
0 as nonlinearity order anal as memory depth.

The general form of Volterra baseband DPD is given as:
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_ W _ 0w 0w W (4.9)

The form presented in Edt.Q) is a truncated baseband representation intiimerete domain
for any nonlinear RF PD’he monomialsn theVolterra areall odd order These monomials are
product of delayed inputs and their compé®njugateswith onedecreasingomplexconjugate
factor. The monomials with even order contain signals that fall outside the band of interests and
are filtered away4.35].
In order to derive the Generalized Polynomial model for dual band input, let us assume that
w ¢ andw ¢ are the baseband input signals at different carrier frequencies. Such signal can
be represented as:
0w Weq w £ Q (4.10)
Substituting 4.10) , the following linear termare obtained
() wp Q wp  Q (4.12)
The 39 order terms obtained by insertirg 1) in (4.10 is given as:

NZ

O o o wp Q wp Q
Wh Q wp Q W Q Wi Q
Q W 4 Wi Q W Wh W Q
ﬁ o Whr Q
‘ , (4.12)
+Q Wp Wrp Wh Q
+Q i o Wi Q
Q R R T Q Wk Wh Wi Q

The higher order terms get complicated with increasing order. However, it can be predicted

from 39 order expression that there is 1 positive and 2 negative delays in the exponent as these
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are the components which occur in interesting frequency regimmncomplete series expression

consists of the weighted sum of all terms of all orders and delagp@sented in :

W O W
() W W Wi Q
Wh Wh Wi Q Wh Wk Wi Q
A} Z Z
W Wh W W W W Q

(4.13)
There is a possibility that we can simplify the complex conjugate terms. Since, we enforce

that all complexconjugate terms to have same delay as that eEooplexconjugates. This will
S . This simplification is two foldedfirst, allowing real valued

T

simplify @ o W
multiplications instead of complex ones and secondly, few delays to sumTtneesimplified

complexity reduced form is given by:

() O W
® QR @f (4.14)
~ ﬁ .
Qo " ®F  ®f 0§

This representation can be further simplified and redbge@stricting the allowed cross

terms between different delays and signals.
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W W Wh (4.15)

& 4
s-
(>
()

This is the generalized memory polynomial for dual channel.
Similarly, if we remove totally all the cro$srms altogetheiThis is the structure used in

[4.344.39 andthe memory polynomial for dual band is given as:

T3¢

&) O :0E O W (4.16)
8

hig h

There are of course also other complexégluctions of the full Volterra that can be considered,
such as:

A | & signal éas much less power th@an(or vice versa), it may beseful to only include

the linear effects ab , since higher order terms may be insignificant.

A The memor yordéraeprs ban befreducédgdmpared to the linear terms, since
high-order, high delayed terms should be of less significance.

A Lwiis&, the nonlinear order of higlelayed terms can be reduced.

A I n gener al-ipputtVblterra gam hegprured by éxelading insignificant terms in

various ways.

Another model that can be applied has been recently developed by Andirig ZhR8]
which was applied to single input channel power amplifiers. We have also discussed in Sec
4.2.1A the use of DVR for linearization of DFB based RoF link. Here we discuss its usage for

dual channel case.
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Here w ¢ represents the output white ¢ andw & shows signal input. The memory
depth is represented hy while 0 represents the hyperplanes or number of elements in the
partition.]  represents the thresholds that define the partition. The absolute opseaties as

nonlinear basis functions inaling both in band and cross band terms.

Coefficients Extraction

The decision to apply different models depends on tolagt and accurate model extraction
routine.DPD model extraction can be performed by utilizing ILA or DLA. As discussed in Sec.
2.5 ILA employspredistorterRoF training block (postnverse)by using input and output
signals and then transferring the training coefficients to C&tiice this technique offers a fast
convergance as compared to DLA, we will use ILA for dual channel DPD model identification

The general output signal associatethvi2 input signal can be presented as:
w & O 0E AWE AS WE AS (4.18)

and

@ & H OE AWE AS WE RS (4.19)
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Here are the coefficients while € 1 andw € 1 are complex baseband

signals at the frequenc@and™Q B8%is the absolute value of the complex signals.

The representation in matrix form becomes:

® —@ (4.20)

Here
® O O & &8 420
represents vector of polynomial coefficients.
W= we 888¢ 0O p (4.22)
represents a vector witrsamples of the output signalitit output.

while=_ is represented as:

=, 1. 881, &8, (4.23)

In this Eq. 4.23,

weE i WweE iweE is we is wE iweE is
é E &
wE i Op wé&¢ i Opxwe i Ops xweE i Ops weE i Opxw e i Ops
(4.24)
which represents the elements extracted from£83(
The model identification is based on indirect learning appro&&@[ The LS algorithm is
utilized to solve Eq.4.23. The calculated coefficients are then utilized to predistort the input

signals.

4.3.2 Multi -Channel DPD for DFB based RoF System

As discussed in Sec. 4.3, to illustrate the possible DPD methodology for more than one channel,
we employ DPD for dual channels first tesBibutedFeedback lasdvased RoF linksDFB based
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RoOF links are prone to nonlinearities such as intermodulation distortion due to inherent nonlinear
behaviour of electrical to optical (E/O) converters.

The experimental setup is shownRigure4.23 Two independent processing cells are used,
where eaclprocessing cell is responsible for the compensation of the nonlinearity associated with
that particular frequency band. A Multi Quantum Well (MQW) DFB laser, working at-h&10
wavelength succeeds a Standard Single Mode Fiber (SSMB) kin having attenation equal
to 0.4 dBkm and negligible chromatic dispersion. The optical signal detection is accomplished
by a PIN photodiode. The PIN photodiode havamdwidth of 2.5 GHz and 0.6 A/W of
responsivity. The biasing current wadO p W 0 while threshold©O uv® & 6. The
baseband LTE 10 MHz signals, emulated according to 3GPP Rée&6104 V15.2.0 through
a local MATLAB software withi256 QAM format, are oversampled (ADC Kigure4.23 at a
rate of76.8 MSa/s. The sampled signals pass throtghDPD block, are REonverted 1000
MHz) by an Agilent N5182B MXG XSeries Signal Generator (Séigure4.23 and sent to the
optical link.

h 1
I Vector Signal Generator RE Bias Tee

1 :' 2 Channels ‘: = O liRF,,) |_) RF+DC] !
i LTE Frame — s= s H—
11 (MATLAB) i

DC Current Generator

(X} ¥ ol

Train.| |LTE ||LTEgge
Y. 5 v

~ | ACPR,EVM,
DPD]e—{ADC NMSE

L |/

Figure4.23: Experimental Setup for DFB basBdF link DPD (Training and Testing phase)

In order to study the DPD for multhannel transmission, consider a tbend directly
modulated DFB based RoF system. The nailiainnel transmission is performed by using an
inhouse MATLAB code that generates élaand samples & independent Frequency Division
Duplex (FDD) LTE channels before overlapping and then sending them to a Vector Signal

Generator Agilent N5182B MXG JSeries Signal Generator for-gpnversion and transmission
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to RoF link. Two 256 quadrateilamplitude modulation (256 QAM) RF signals both with 10 MHz
bandwidth at 1 GHz and 1.2 GHz were then appli¢hdtaser operating at 1310 nm wavelength.

At the receiver side the signal is captured by a Vector Signal Analyzer and each channel is
analyzed separately by the MATLAB code.

Both signal sequences were generated cyclictibrefore, theutputs of the RoF link were
also cyclical. This enabled to use one VSA to record the baseband signals of the two bands in
different cycles butregard them as the parallel outputs. The process of demultiplexing; down
conversion and ADC operation of theallband RF signal is performed by VSA.

During the predistorter training, Both the channels of 10 MHz having 256 QAM modulation
format at 1 GHz and 1.2 GHz without predistortion are fed in to the RoF system. The predistorter
identification initiates withle coefficient estimation. The inputs,andw (which are equals to
60 ando in this step) and output§,and & are applied

Each signal received is passed through the DPD training phase. Firstly, the reference LTE
frames are utilized for synobnizing the input and output sequences (Sync. bloEigure4.23).

The synchronization process is achieved through a local developed algorithm, which finds the
crosscorrelation for time delay estimation, by tapping the Primary and Secondary
Synchronizéion Signals present in the LTE frame. Then, the DPD coefficients are obtained
(Train. block inFigure4.23 through MATLAB program.

For the DPD validation phase (all switches move to opposite directiBigume2), different
LTE frames are sampled, prettirted, uploaded to the Signal Generator and transmitted through
the optical link. It is noteworthy that the DPD is validated for general LTE frames.

At first, the proposed DPD technique for dual channel is experimentally investigated using GMP
model by varying nonlinearity ordelK & 2, 3, 4, 5) and memory lengtQ € 0, 1, 2, 3). The RF

input power in this case is fixed to a relative higher value of 0 dBm per band. The results are
illustrated inSec. 4.3.2.1.

4321 Results and Discussion

Figure4.24in terms of effective improvement in ACPR. It can be sedfignre4.24(a) and
Figure4.24b), there is a substantial improvement by employing GMP at higlaed0 in both
channels. The nonlinearity orders up to 5 are required to be involved duringddPBtter

performance.
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ACPR_

ACPR_

Taking into account higher nonlinearity orders only provides limited performance
improvement, whereas the computational complexity increases. Similarly, by increasing the
memory depth , distinct performance improvement occurstesmemory length increases.

Finally, the DPD is evaluated with DVR method by varying the memory dé€pth(, 1, 2, 3)
and O =2, 3, 4, 5)in Figure4.24 (c) (channel 1) anéigure4.24 (d) (channel 2)t can be
appreciated that linearization is better with DVR as compared to GMP. DMR at

ohv v results in 14.52 dB and 15.49 dB of reduction in ACPR for 1st and 2nd channel

respectively.

© (d)

Figure4.24: ACPR improvement for DFB in channel 1 and 2 with using GMP and DVR. (a) represents
channel 1 with GMP. (b) represents channel 2 with GMP. (c) represents channel 1 with DVR and (d)
represents DVR with channel 2.
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For higher RF input power, the higher nonlinearity orders and memory depths are supposed to
be considered. However, when the RF input power further increased to the level on which the
performance was too bad to identify timepact of predistortion. In order to have a balance
between the performance and the implementation complexity and to have fair comparison,

0 0 0=3 and v 0 O T is chosen for the following investigations.
In Figure4.25 the ACPR experimental results for several input powerg (vith and without
DPD (GMP and DVR) for both channels are reported. The linearization performance proves better

for DVR than GMP also in terms of reduction in the ACPR values.

DFB 1310 nm with SSMF
[

-15
20— Without DPD Channel 2
.25 - Without DPD Changel 1

With DPD GMP Channe| 1

ACPR [dBc]
&

With DPD DVR Channel 2
\ \ \

-15 -10 0 5

-5
PIN [dBm]
Figure4.25: ACPR improvement for DFB in channel 1 and 2 with using GMP and DVR with varying RF
input power

The summary of results with and without DPDUat pUQS AT WRQO6 dis given in

following Table4.6.
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ACPR
with DVR
(dBc)

0 ACPR w/o ACPR with
(dBm) | DPD(dBc) = GMP (dBc)

5 -21.84/24.03 | -30.53/30.81 | -39/-41.53

-15 -30.51£31.2 | -38.57/40.88 | -47/-50.91

Table4-6: Linearization performance for DFB based directhodulated RoF links

Now, the EVM with and without DPD for both channels is shown for varying RF input power
in Figure4.26 The performance behavior proves that DVR for both channels results in better
realization than GMP method, e.g. @® ¢of 0 , the EVM for both channels without DPD is
8.4/9.1 %, while with DPBGMP it is 2.5/2.36 % and DVR results in 1.71/1.59r&spectively
of EVM.

10+
Without DPD Channel 1

Without DPD Channel 2

With DPD GMP Channel 1

With DPD DVR Channel 2

15 -10 -5 0 5
P, [dBm]

Figure4.26: EVM improvement for DFB RoOF link in channel 1 and 2 with using GMP and DVR with
varying RF input power
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By extending the length of the SSMF fiber span up kenland applying the GMiBased DPD
with 0=1, V=3 up toD m'Q 06 ¢gthe ACPR remained below the reference level3éf dBc
given by the 3GPP Standard considered.

The power spectral density (PSDJ 0 dBmRF input power is shown iRigure4.27. It can be
seen that DVR results in better reduction than GMP.
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Figure4.27. Spectral Regrowth of input, output and corrected channels fortdab&d RoF link

4.3.3 Multi -Channel DPD for VCSEL based RoF System

In this section, like DFB, this section discussesf®D approach for VCSEL based RoF
links for dual channel case. VCS&tffer a cheaper solution for smaller transmission lengths up
to 2km. Applying DPD to such link lengths fonulti-channelwill be very beneficialln all
these cases, a cardinal issue is represented by the impairments of tblecpsmic devices and
particularly the whole VCSEL based Radio over Fiber system. Such nonlinearities, that arise
when high Peako-Average Power Ratio (PAPR) signals dransmitted andcdcan have an
important role especially for muthannel transmission. They indeed can céduge in and out
of band distortion, which leads to higher interference among near channels.

Like Figure4.23 the experimental setup is showrFigure4.28 The only difference in this setup
is presence of MMVCSEL and MMFE A multi-mode VCSEL operatingt&850-nm is utilized
here with a MMF of length 75 meters. TR&N photodiode, having 2.5 GHz bandwidth and
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responsivityfactor of 0.6 A/Wis used The biasing currenD TaoandO T&AG Ois
fixed. The attenuatioof MMF is 2.5Q dKm.

The baseband LTE signal of-MHz with 256 QAM modulation format is emulated
through a domestic software on MATLAB compliant with 3GPP release TS 36.104 V15.2.0
[4.27. The signal is oversampled at 76.8 MSa/s. After this, the sdmsplpuence of signals
passes through the DPD block, which is then RF transformed at 800 MHz by a Vector Signal

Generator (VSG) (see Figure 3) and is then sent to the optical link.

The process of predistortion implied is similarly to one implied in $82.

____________________ 1 [mm————————
: __________________ Vector Signal Generator RF  BiasTee | pam.vese MMF pin | Vector Signal Analyzer
| =) e SR r—
f»i LTE Frame —> sSsS=2 L -, L es
11 (MATLAB) i c=a |l 1 =, H oo o
ey epunympunyumpunpunpunyel e 1= il

_________ /

i

Ihias

DC Current Generator

Lo ¥ oy
Train. TM
0 4 g v
. | ACPR,EVM,
[DPDje—{ADC NMSE

[ =

Figure4.28: Experimental setup for MMWCSEL based MMF for DPD training and testing phase

4331 Results and Discussion

Figure4.29 represents linearization performaircéerms of effective improvement in ACPR.
It can be seen ifrigure 4.29@) andFigure 4.29b), there is a substantial improvement by
employing GMP at highas and0 in both channels. The nonlinearity orders up to 5 are required
to be involved during DP for better performancdhe DPD is evaluated with DVR method by
varying the memory depttQ(= 0, 1, 2, 3) andu =2, 3, 4, 5). It can be appreciated that
linearization is better with DVR as compared to GMP. DV at ot v results in
18.12dB and18.42dB of reduction in ACPR for 1st and 2nd channel respectively.
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(©) (d)

Figure 4.29: ACPR improvement for MM CSEL-MMF based RoF link in channel 1 and 2 witking
GMP and DVR. (a) represents channel 1 with GMP. (b) represents channel 2 with GMP. (c) represents
channel 1 with DVR and (d) represents DVR with channel 2.
In order to evaluate the efficacy OPD with varying RF input poweFigure4.30reports the
ACPR for both channels using GMP and DVR motteleed, as in SM/CSEL, DVR results in
better linearization than GMP. AtdBm DVR results in 17 and 16 dBs of reduction with DVR
and 5.4 and 5.6 dBs of reductisnobserved with GMP model.
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Figure4.30: ACPR improvement for MMVCSEL-MMF based RoF link in channel 1 and 2 with using
GMP and DVR with varying RF input power

The power spectral density is shown in Eigure4.31for MM-VCSEL using GMP/DVRIt
can be seen that PSD for both the channels is effected by the nonlinearities of VCSELs caused

due to multichannel transmission.

Figure4.31: Spectral Regrowth for MMW/CSEL based MMF RoF link for both channels
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