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Abstract

The unprecedented growth in mobile data traffic, driven primarily by bandwidth rich
applications and high definition video is accelerating the development of fifth generation (5G)
mobile network. As mobile access network evolves towards centralisation, mobile fronthaul
(MFH) architecture becomes essential in providing high-capacity, ubiquitous and yet
affordable services to subscribers. In order to meet the demand for high data rates in the
access, Millimetre-wave (mmWave) has been highlighted as an essential technology in the
development of 5G-new radio (5G-NR). In the present MFH architecture which is typically
based on common public radio interface (CPRI) protocol, baseband signals are digitised
before fibre transmission, featuring high overhead data and stringent synchronisation
requirements. A direct application of mmwWave 5G-NR to CPRI digital MFH, where signal
bandwidth is expected to be up to 1GHz will be challenging, due to the increased complexity
of the digitising interface and huge overhead data that will be required for such bandwidth.
Alternatively, radio over fibre (RoF) technique can be employed in the transportation of
mmWave wireless signals via the MFH link, thereby avoiding the expensive digitisation
interface and excessive overhead associated with its implementation. Additionally, mmWave
carrier can be realised with the aid of photonic components employed in the RoF link, further
reducing the system complexity. However, noise and nonlinearities inherent to analog
transmission presents implementation challenges, limiting the system dynamic range.
Therefore, it is important to investigate the effects of these impairments in RoF based MFH

architecture.

This thesis presents extensive research on the impact of noise and nonlinearities on 5G
candidate waveforms, in mmWave 5G fibre-wireless MFH. Besides orthogonal frequency
division multiplexing (OFDM), another radio access technology (RAT) that has received
significant attention is filter bank multicarrier (FBMC), particularly due to its high spectral
containment and excellent performance in asynchronous transmission. Hence, FBMC
waveform is adopted in this work to study the impact of noise and nonlinearities on the
mmWave fibre-wireless MFH architecture. Since OFDM is widely deployed and it has been
adopted for 5G-NR, the performance of OFDM and FBMC based 5G mmWave RAT in
fibre-wireless MFH architecture is compared for several implementations and transmission

scenarios.

To this extent, an end-to-end transmission testbed is designed and implemented using
industry standard VPI Transmission Maker® to investigate five mmWave upconversion

techniques. Simulation results show that the impact of noise is higher in FBMC when the



signal-to-noise (SNR) is low, however, FBMC exhibits better performance compared to
OFDM as the SNR improved. More importantly, an evaluation of the contribution of each
noise component to the overall system SNR is carried out. It is observed in the investigation
that noise contribution from the optical carriers employed in the heterodyne upconversion of
intermediate frequency (IF) signals to mmWave frequency dominate the system noise. An
adaptive modulation technique is employed to optimise the system throughput based on the
received SNR. The throughput of FBMC based system reduced significantly compared to
OFDM, due to laser phase noise and chromatic dispersion (CD). Additionally, it is shown that
by employing frequency domain averaging technique to enhance the channel estimation
(CE), the throughput of FBMC is significantly increased and consequently, a comparable

performance is obtained for both waveforms.

Furthermore, several coexistence scenarios for multi-service transmission are studied,
considering OFDM and FBMC based RATSs to evaluate the impact inter-band interference
(IBI), due to power amplifier (PA) nonlinearity on the system performance. The low out of
band (OOB) emission in FBMC plays an important role in minimising 1Bl to adjacent
services. Therefore, FBMC requires less guardband in coexistence with multiple services in
5G fibre-wireless MFH. Conversely, OFDM introduced significant OOB to adjacent services

requiring large guardband in multi-service coexistence transmission scenario.

Finally, a novel transmission scheme is proposed and investigated to simultaneously
generate multiple mmWave signals using laser heterodyning mmWave upconversion
technique. With appropriate IF and optical frequency plan, several mmWave signals can be
realised. Simulation results demonstrate successful simultaneous realisation of 28GHz,
38GHz, and 60GHz mmWave signals.



Acknowledgement

First of all, I will like to thank my supervisor Dr Pandelis Kourtessis, for allowing me to carry
this research and his continuous support throughout the course of my study. I'm also
privileged to have had Dr Milos Milosavljevic in my supervisory team, who constantly
inspired and encouraged me to do more than just enough. | also want to thank Prof. John M.
Senior for his advice every time we had team meetings.

Many thanks to my colleagues at D437 and D400 for their support, especially Matt Robinson
for valuable discussions and ideas, and also for his help in times | had problems with my PC.
| also want to specially thank my wife and daughter for their support, emotionally,
psychologically and in prayers. You have been so wonderful, believing in me and always
encouraging me. Whenever | get distracted or tired, Tolorunni says “Daddy do your work”.

| will like to appreciate my sister for financial support since it all started; you sacrificed a lot
for me to get here. My gratitude also goes to Mr Otunla for his financial support and helping
with my scholarship.

| want to use this opportunity to thank the Niger Delta Scholarship scheme for sponsoring my
research; | couldn’t have done it without their financial support.

Above all, | give all glory to God Almighty for giving me the grace and strength to carry out

this research, “for by strength shall no man prevail” (1 Sam: 2:9b)



Table of Content

Y 013 1 = ox F PP PP PP PP PPPPPPPPPPPPN [
ACKNOWIEAGEIMENT. ...t iii
TaDIE Of CONTENT ... e e e e e e e e e e e e s iv
IS o ) o U =SSR viii
LISE OF TADIES ...t e e e e e e e e e e e e Xiii
ADDIEVIALIONS ...t e e e e e e e e e e e e e e e Xiv
(IS o) i 01U o] o= 1 o] o £ OSSP XiX
1. Towards High Capacity 5G Mobile Broadband Access Network ............ccccvvvevvvvveeeeennnn. 1
1.1, INEFOTUCTION ... 1
1.2. State-of-the-Art 4G Mobile Broadband and Beyond ................cccccuviiiiiiiiiiiiiiiiiininnnns 2
1.3.  The IMT 2020 Requirements fOr 5G...........uuuuuummmumiiiiiiiiiiiiiiiiiiiiiiiieeeeeeeees 2
1.3.1. Research Initiatives toWards 5G..........coooiiiiiiiiiiiiiiiiiie e 3

1.4. Research Motivation and ODJECLIVES.............uuiiiiii i 5
1.5. Research COoNntriDULIONS ...........ooiiiiiiiiiiiii e 6
1.6, TRESIS OULINE ....uiiiiiiieeiiie et e et e e e e e ae s 7
2. Enabling Technologies for High-Capacity 5G Mobile Broadband Access...................... 8
2.1, INETOAUCTION ..o 8
2.2. Cloud Radio Access Network ArchiteCture............cccccvvvviiiiiiiiiiiiie 8
2.3. Transport Technologies for Mobile Fronthaul...............cccccciiiii 10
2.3.1. Radio over Fibre TEChNOIOGY ..........uuuuuuuuummiiiiiiiiiiiiiiiiiiiiiiiieiiieiiieeeeeeeeeeeeeneenees 10
2.3.1.1. Digital Radio over FIDre ..o 11
2.3.1.2. Analog Radio oVer FIDre ..o 12

2.4.  Millimetre-wave TeCHhNOIOGY .......cooe i 14
2.5.  Photonics Techniques for Millimetre-wave Generation.............ccccooeevvvieiiiiiinneeens. 17
2.5.1. Photonic-aided Millimetre-wave Generation using MZMS.............ccccceeieeeeennn. 17
2.5.2.  Photonic-aided Millimetre-wave Generation using Lasers...........cccccccceeeeeennnn. 21
2.5.3.  Noise and Nonlinearities in Photonic-aided Millimetre-wave Signals........... 25

iv



A S TR U 1 10 1 =Y SPPPSPPP 26

3. Design of Millimetre-Wave Fibre-Wireless Testbed for 5G Mobile Fronthaul............... 27
I I 1011 (0T U ox 1o o PP PP P PP PP PPPPPPPPPPPPP 27
3.2.  The VPI PhotoniC DESIgN SUILE .......cccciiiiiiiiiiiiiiiiiieeeeeeeeeeeee e 27

3.2.1.  Simulation of AROF iN VP ... 29
3.2.2. MATLAB-VPI co-simulation TEChNIQUE ........cccoiieiieieeeeeeeee e 31
3.3. Self-Heterodyne Technique for Millimetre-wave Signal Downconversion............. 31
3.3.1. System Model and Performance ANalySiS...........c..oouuiiiiiieeeiiiiiiiieee e 33
3.4. Filter Bank Multicarrier Systems ArchiteCture...........ccooooeeviiiiiiiiiin e, 36
3.4.1.  Channel Estimation in FBMC ..........cccuiiiiiiiiiiieec e 42
3.4.1.1. Channel Estimation using Pairs of PilotS................ccoovviiiiiiini e, 43
3.4.1.2. Channel Estimation using Interference Approximation .................cccc....... 43

3.4.1.3. Performance Evaluation of Preamble-based Channel Estimation for FBMC

44
3.4.2. Peak to Average Power Ratio in FBMC .........ccoooiiiiiiiiiieeeeeeeeee 45
3.5, SUMIMIANY L.t e ettt s e e e et e e e e e b e e e e e e e e e e n e e e 46

4. Millimetre-wave Optical Transceivers for Next Generation Fibre-Wireless Architectures
48

S T [ o1 {0 Yo [§ o3 110 ] o WP 48

4.2. Millimetre-Wave Upconversion Techniques for  Fibre-Wireless 5G  Mobile

FTONTNAUL ... e 48
4.2.1. Millimetre-wave Upconversion using Electrical Local Oscillator..................... 49
4.2.2. Millimetre-wave Upconversion using MZM ..o 58
4.2.3. Millimetre-wave Upconversion using Laser heterodyning Technique ............ 65

4.3. Comparison of Millimetre-wave TeChNIQUES.........cccoeiviiiiiiiiiiii e 70

Q4. SUIMIMAIY ..ieiitiii ettt e e e ettt ettt e e e e et e eetbb e e e e et eeeetba e s e e eaeeeeeebbn e e eeaeeeennnes 72

5. Impact of Noise on Millimetre-Wave Signal Generated using Laser Heterodyning ...... 73

L0t I [ 11 o o (U Tox o] o P 73

5.2.  SNR of Millimetrewave IF over Fibre Signal Generated using Laser Heterodyning
73



5.2.1. Noise Generated in the TranSMItter ............cccoviiiiiieiiiiie e 74
5.2.1.1.  Relative INteNSItYy NOISE ......uuiiiiieeiiieiiee e e e 74
5.2.1.2.  LaSer Phase NOISE ........c.uuiiiiiiiiiiiiiiiii et 75
5.2.1.3. Amplified Spontaneous EMISSION...........cooooeiiiiiiiiiieeee e 78

5.2.2.  Noise Generated iN the RECEIVET ...........uuuiiiiiiiiiiiiiiiiiiiiiiiiiiiieeeeenneeneneees 79
5.2.2.1.  ThermMal NOISE .....ccooiiieee e 79
5.2.2.2. SNOENOISE ... 79

5.2.3. SNR of the Millimetrewave Signal after O/E Conversion .............ccccccceeeeeennn.. 80

5.3. Noise Effects on Millimetre-wave IF over Fibre Signal based on uncorrelated

Lasers

5.3.1.

5.3.2.

5.3.3.

5.3.4.

5.3.5.

5.3.6.

.......................................................................................................................... 81
Impact of RIN on the system performance...........cccceeeeeeeiiiiiiiiiiin e, 83
IMPACt Of ASE NOISE......oiiiiiiiiei e e e e 84
Impact of CD-INAUCEA CPN L.......coooiice e 85
Impact of Laser LINEWIAtN ..o 86
Impact of Fibre Length ... 87
Impact of Noise on IF Signal Bandwidth.................oooo 89

5.4. System Performance Optimisation based on the Received SNR and Frequency

DOMAIN AVEIAGING ...ttt e 94
5.5, SUMIMANY ..ot e e et e e e et e e e e 100
6. Nonlinear Impairments in Millimeter-Wave 5G Multi-Service over Fibre Systems...... 102
6.1, INEFOTUCTION ...eiiiiiiie ettt e e e e e e e e e e e e e 102
6.2. Nonlinear Subcarrier Intermodulation in Multi-Service Systems............cc........... 103
6.2.1. Power Amplifier Modelling.........couuuiiiii i 103

6.3. Impact of PA Nonlinearity in Millimetre-wave IF over Fibre Upconversion using

Laser HeteroOYNING .......cooiiiiiiiiiii et e e e ettt a e e e e e e e e eeaetaa e e e e e eeeaeennes 105
T 0 I S o =Y o - o I PR 107
LT 0 S o7 T 0 - o 1R 109
LT R R S o =T o F- o TR TR 110
6.3.4.  SCENATIO 4 ... 111

6.4. In-band Deployment of LTE Service in 5G SEerviCe .........cccccvveeeviieeiiieeiiiiieieeee, 112

vi



6.5. Impact of PA Nonlinearity in Uplink Multi-User Access Systems...........ccccee...... 118
Lo T U 4 1 = YO 119
7. Coexistence of Multiple 5G Services in a Photonic Millimetre-wave Mobile Fronthaull21
7.1 INETOAUCTION ..o 121

7.2. Simultaneous Generation of Multiple Millimetre-wave Signals based on Optical

HETEIOYNING ... 121
7.3, SIMUIALION SELUP.....ciiiiiiiiiiieeee e 124
7.3.1.  Performance Evaluation for 28GHz and 38GHz...............cccccuvviiiiiiiiiiiiiiiinns 127
7.3.2.  Performance Evaluation for 28GHz and 60GHzZ..................euvviiiiiiiiiiiiiiinnnns 130
7.3.3. Performance Evaluation for 28GHz, 38GHz and 60GHz..............ccovvevvunn.. 133

2 T YU 1 410 1 = T Y PSSP 135
8. Conclusion and FULUIE WOIKS ..........coiiiiiiiiiiieiii et 137
S 70 N I 0 1= Eo RS U 1.4 0 4 F= USSR 137
8.2, FULUrE WOTKS ... 140
RETEIEINCES ...ttt ettt e e 142

Vii



List of Figures

Figure 1.1: Cisco VNI Report for Global Mobile Data Traffic [1]........cccooevieeeiiiiiiiiiiiieeeeeceeenns 1
Figure 1.2: High-Level Requirements for 5G .........ccoiiiiiiiiiiii e 3
Figure 2.1: C-RAN ArCHILECIUIE . .....uuii et e e e e a e e e e e e e aaaanes 9
Figure 2.2: Radio-0VEr-FIDre ..........uiii e e e e eaaans 11
Figure 2.3: Digital-over-Fibre (a) BB (b) IF (C) RF ....ooiree i, 12
Figure 2.4: Analog-over-Fibre (a) IF-over-Fibre (b) RF-over-Fibre............ccccoiiiiiiiinninnn, 13
Figure 2.5: Atmospheric absorption at different frequency bands [39]........ccccccovvviiiiiiiinnnn. 15
Figure 2.6: Samsung end-to-end 5G FWA network [78].........covvvvviiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeeee 16
Figure 2.7: Schematic of DE-MZM (a) DE-MZM transfer function (B) ..........cccvvvvvviiiiiinnnnnn. 18
Figure 2.8: Optical signal after E/O at (a) Maximum point (b) Quadrature point (c) Null point
........................................................................................................................................... 18
Figure 2.9: Cascaded MZM and phase modulator for frequency tripling [99]...........ccovvveeee. 19
Figure 2.10: Cascaded DE-MZMs for frequency quadrupling [100] .........ccevvviviiiiiiiiiiiineenne. 20

Figure 2.11: Schematic of two stage upconversion to generate 8x the LO frequency [102]. 20
Figure 2.12: The principle and schematic of the mmWave inter- and intra-RAT carrier

aggregation in Het-Net based on optical band mapping [103] .....ccccoooiiiiiiiiiiiiie e, 21
Figure 2.13: Schematic of optical mmWave generation using gain-switched DFB laser [106]
........................................................................................................................................... 22
Figure 2.14: Schematic of 60GHz RoF system based on PMLLD [107] ........cccccceeiieeeeninnnn, 23
Figure 2.15: Different Schemes to generate mmWave carrier using unlocked LDs [110] .... 24
Figure 2.16: Principle of generation and transmission of 60GHz UWB Signal [111] ............ 24
Figure 3.1: (a) Laser Bias current vs Output Power (b) and Bias current vs Linewidth ........ 28
Figure 3.2: Bias current VS Laser RIN ........ooouiiiiii it e e eaaees 28
Figure 3.3: OFDM Transceiver Design in VPI (a) Transmitter (b) Receiver ......................... 29
Figure 3.4: AROF Simulation SChematiC..............coovvviiiiiiiiiiiiiiiiii 29
Figure 3.5: Received constellation at (a) Okm (b) 25km (c) 50km (d) 100KM ...........cccvvveene. 30
Figure 3.6: MATLAB VPI co-simulation STrUCTUIe...........ccovvviiiiiiiiiiiiiiiiiiiieeieeeeeeeeeeeeeeeeeeeee 31
Figure 3.7: Proposed network arChiteCture..............ovvvviiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeee 32
Figure 3.8: Simulation setup of the proposed architeCture............cccccvvvvviiiiiiiiiiiiiiiiiiiiiiene, 33
Figure 3.9: Effect of Laser linewidths for BTB ..........ccouviiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeee 35
Figure 3.10: BER vs Received Power at PD for BTB, 20km and 40km Fibre ...................... 36
Figure 3.11: (a) FBMC baseband transceiver (b) OFDM baseband transceiver .................. 38
Figure 3.12: Frequency Time phase space lattice of the FBMC system ...........ccccceeeeeeeveenne 38
Figure 3.13: (a) OQAM-Pre-processing and SFB (b) AFB and OQAM Post-processing...... 39

viii



Figure 3.14: Magnitude response of the prototype filter for K =1:4 ..........ooovvvvviiiiiiiiiiiiinnnnnn. 40

Figure 3.15: Preamble Structures for FBMC (a) POP (b) IAMR (C) IAMC..........coovvvvvvvvnnnnnn. 43
Figure 3.16: BER of FBMC for different preamble-based CE methods...........cccccvvvvvvvvnnnnn. 45
Figure 3.17: Simulated PAPR for FBMC, FBMC with 25% clipping and OFDM................... 46

Figure 4.1: Schematic of mmWave RoF (a) Electrical spectrum after upconversion to 28GHz
(b) Optical spectrum after E/O showing OSSB modulation (c) Electrical spectrum after
downconversion t0 DASEDANG. ........ccooi i 50
Figure 4.2: EVM vs RF drive power for mmWave RFoF using electrical LO (a) OFDM (b)

Figure 4.3: EVM vs Received Power for mmWave RFoF using electrical LO (a) OFDM BTB
(b) FBMC BTB (c) OFDM 20Kkm (d) FBMC 20KM .....cccuviiiiiiieeeeeeiiiiiiiieeeeeeeeesssinaneeeeaeeeaanes 54
Figure 4.4: mmWave IF-over-Fibre using electrical LO. (a) Optical spectrum after E/O
showing OSSB modulation (b) Electrical spectrum after upconversion to 28GHz (c) Electrical
spectrum after downconversion to baseband ... 56
Figure 4.5: EVM vs IF drive power for mmWave IFoF using electrical LO (a) OFDM (b)

Figure 4.6: EVM vs Received optical power for mmWave IFoF using electrical LO (a) OFDM
BTB (b) FBMC BTB (c) OFDM 20km (d) FBMC 20KM..........ccooveerieeeeeeeeeeeeeeeensesiesensieneens 58
Figure 4.7: mmWave IFoF using cascaded MZMs (a) Optical spectrum after second MZM (b)
The spectrum of IF OFDM after downconversion (c) The spectrum of IF FBMC after
Lo [0 1LY o Toto T 01V =T €] o] o PP 59
Figure 4.8: EVM vs IF drive power for mmWave IFoF using cascaded MZMs (a) OFDM (b)

Figure 4.9: EVM vs Received optical power for mmWave IFoF using cascaded MZMs (a)
OFDM BTB (b) FBMC BTB (c) OFDM 20km (d) FBMC 20KM ......cceeeviiiiiiiiieeeeeeeeciiiieeeeaeee 62
Figure 4.10: mmWave IFoF using DML and MZM (a) Optical spectrum after the MZM (b) The
spectrum of IF OFDM after downconversion (c) The spectrum of IF FBMC after
(o (o 11Y g Tola T 0 1Y/ =T €] o] o PSS 63
Figure 4.11: EVM vs IF drive power for mmWave IFoF using DML and MZM (a) OFDM (b)

Figure 4.12: EVM vs Received optical power for mmWave IFoF using DML and MZM (a)
OFDM BTB (b) FBMC BTB (c) OFDM 20km (d) FBMC 20KM ......cceeoviiiiiiiieeeeeeeeeciiinneeeaene 64
Figure 4.13: mmWave IFoF using Laser Heterodyning (a) Optical spectrum after the optical
coupler (b) The spectrum of IF OFDM after downconversion (c) The spectrum of IF FBMC
oV (=T a0 (o111 g ToTe] g 1YY €] (o] o TP 66
Figure 4.14: EVM vs IF drive power for mmWave IFoF using laser heterodyning (a) OFDM
() T =117 (RO PPPRPPR 68



Figure 4.15: EVM vs Received optical power for mmWave IFoF using laser heterodyning (a)

OFDM BTB (b) FBMC BTB (c) OFDM 20km (d) FBMC 20KM ....cccoeeiiiieeeeeeeeeeeeeeeeeeeeeeeeee 69
Figure 5.1: Noise Source in mmWave System using laser heterodyning...........cccccceevvvveeee. 74
Figure 5.2: SIMUIAION SETUP. ...eeiiiiiiiiiiiiiiiiieeeeeee ettt 81
Figure 5.3: DSP Transceiver design for the IF Signals: (&) FBMC (b) OFDM...........c.c.......... 82
Figure 5.4: Received SNR vs RIN for OFDM and FBMC............cccvviiiiiiiieeeciceeee e, 84
Figure 5.5: SNR degradation due t0 ASE.........ccooiieiiiiiiiiiiei et e e e aaaees 85
Figure 5.6: SNR degradation due to CPN ........ccoiiiiiiiiiiiin i e e 86
Figure 5.7: SNR degradation due to laser linewidth ..., 87
Figure 5.8: SNR degradation due to fibre [ength ...........ccooeiii i, 88
Figure 5.9: EVM vs Subcarrier Number after 40km fibre ..........cccoooiiiiii 89
Figure 5.10: EVM vs Subcarrier Number after 100km fibre ..........cccoooeeiiiiiiiiiiii e, 90
Figure 5.11: EVM vs IF bandwidth after 40km fibre.........cccoooooiiiiiii e, 91
Figure 5.12: Received constellation after 40km fibre and 2MHz linewidth for 2nd, 64th and
128th subcarriers after equalisation in 2GHz (a) OFDM (b) FBMC..........ccovvvvviiiiiiiiiiiiiienne, 92
Figure 5.13 EVM vs IF Bandwidth for 200Km fibre ... 93
Figure 5.14: Subcarrier SNR for 10.1MHz Laser Configuration and 2GHz IF bandwidth (a)
A0KIM (D) LOOKM ...t 93
Figure 5.15: Schematic of transmission channel with CSI feedback for adaptive modulation
........................................................................................................................................... 94
Figure 5.16: ISFA averaging window for 2GHz OFDM and FBMC after 40km.................... 95
Figure 5.17: Bit-loading profiles for 2MHz laser and 2GHz bandwidth after 40km (a) OFDM
() T 217U PPPPRPPR 96

Figure 5.18: Received constellation after adaptive modulation with ISFA for 2MHz linewidth
after 40km fibre (a)-(c) OFDM: 2-bits, 4-bits and 6-bits (d)-(f) FBMC: 2-bits, 4-bits and 6-bits

........................................................................................................................................... 97
Figure 5.19: Bit-loading profiles for 10.1MHz linewidth and 2GHz bandwidth after 40km (a)
OFDM (D) FBIMC ... .ttt e e e e e et e e e e e e e e eeeaeeas 97

Figure 5.20: Received constellation after adaptive modulation with ISFA for 10MHz linewidth
after 40km fibre (a)-(c) OFDM: 2-bits, 4-bits and 6-bits (d)-(f) FBMC: 2-bits, 4-bits and 6-bits

........................................................................................................................................... 98
Figure 5.21: ISFA averaging window for 1GHz OFDM and FBMC after 100km................... 98
Figure 5.22: Bit-loading profiles for 10.1MHz laser and 1GHz bandwidth after 100km (a)
(01 D LY () 1 =1 [OOSR 99
Figure 5.23: Received constellation after adaptive modulation with ISFA for 10MHz laser and
100km fibre (a)-(b) OFDM: 2-bits and 4-bits (c)-(d) FBMC: 2-bits and 4-bits ..................... 100
Figure 6.1: PA nonlinearity modelling in VP ... 104



Figure 6.2: AM/AM conversion Of the PA..........ooiiiiiiiiiiiieeeeeeeeeeeeeeeeee e 104
Figure 6.3: Frequency-domain response of nonlinear PA with two-tone excitation............. 105
Figure 6.4: Simulation setup for the multi-service over fibre with remote mmWave
UPCONVETSION ..ttt 106
Figure 6.5: (a) EVM as a function PA input power for OFDM and FBMC (b) PSDs of FBMC
and OFDM at input and output of the PA at points (i) to (iv) (i.e. -50dBm, -30dBm, -15dBm

and -5dBm) and corresponding constellations ...........c..coooiiiiiiiiiiii e 108
Figure 6.6: EVM as a function of input power of service 1.........cccocoeeeiiiieiiiiiiiiiiiee e 109
Figure 6.7: EVM as a function of input power of service 1.........cccooceeeiiiieiiiiiiiiiiiee e 110
Figure 6.8: Coexistence of FBMC and OFDM in multi-service transmission scenario........ 111

Figure 6.9: EVM as a function nulled subcarriers on either side of the LTE-like signal (a)
FBMC (D) OFDIM....uiiiiiiieee ittt e e e e e et e e e e e e e e sttt eeaaeeeasasnssbeaeaaaaeeeaaanssssnsanaaaeeaaaanns 113
Figure 6.10: PSD of the integrated service (a) FBMC with the LTE zoomed out shown in the
inset (b) OFDM with the LTE zoomed out shown in the INSet .........cccoeeeeiiiiiiiiiiiie e, 113
Figure 6.11: PSD of the Integrated Service before and after the notch filter (a) FBMC (b)

Figure 6.12: EVM as a function power difference between service 1 (FBMC and OFDM) and
LTE signal as input power of LTE signal increased from -60dBm to -40dBm and the input of
Service IS fIXed At -5OUBIM.......iiii i 114
Figure 6.13: EVM as a function power difference between service 1 (FBMC and OFDM) and
LTE signal as input power of service 1 increased from -50dBm to -30dBm and the input of

LTE iS fiXed At -5OUBM......cceiiieeeiiiie e e e e e e e e e e ettt e s e e e e e e e e aaaaenaaeeeeaeeennnes 115
Figure 6.14: EVM as a function of received power for FBMC and OFDM with and without
IN-DANA LTE .ottt e e e e e st e e e e e et n e e aeeeas 116
Figure 6.15: Constellation at +1dBm received power (a) FBMC /w LTE (b) OFDM /w LTE (c)
FBMC W/0 LTE (d) OFDM W/O LTE .....ceiiiiiiiiiie ettt 117
Figure 6.16: EVM of LTE integrated with FBMC and OFDM as a function of received power
......................................................................................................................................... 117
Figure 6.17: EVM as a function of PA Input power for DFT-s-FBMC and DFT-s-OFDM uplink
5] = 1P 118

Figure 7.1: The proposed concept of multi-service and multi-operator coexistence in a
shared MFH INFraStrUCTUNE ... 122
Figure 7.2: Frequency Plan and Multiplexing of multiple services coexistence in a shared
MFH infrastructure (a) WDM Multiplexer and Demultiplexer (b) 25GHz DWDM grid (c)

50GHz DWDM grid (d) NXL POrtWSS ... 123
Figure 7.3: Schematic for the simultaneous generation of multiple mmWave signals using
Lo Tl oo 4[> 1IN O USSP 125



Figure 7.4: Spectrums (a) Optical spectrum before the PD (b) Electrical spectrum after the
PD showing 28GHz and 38GHz (c) 28GHz Electrical spectrum (d) 38GHz Electrical
5] 01T o1 1 1] o PP 128
Figure 7.5: EVM as a function of received power using 200kHz combined laser linewidth (a)
28GHz OFDM and FBMC (b) 38GHz OFDM and FBMC (c) Constellation for 28GHz OFDM
and FBMC at -7dBm received power (d) Constellation for 38GHz OFDM and FBMC at -
TABIM FECEIVEA POWET ... et e e e e et e e e e e e e e e et e e s e e e e e e ee ettt e s e eeaeeeeaneennans 129
Figure 7.6: EVM as a function of received power using 2MHz combined laser linewidth (a)
28GHz OFDM and FBMC (b) 38GHz OFDM and FBMC (c) Constellation for 28GHz OFDM
and FBMC at -7dBm received power (d) Constellation for 38GHz OFDM and FBMC at -
TABM FECEIVEA POWEN ... .t e et e e e ettt e e e e e e e e e et e e e e e e e e e e seast e e e eaaeeeeesnaananns 130
Figure 7.7: Spectrums at (a) Optical spectrum before the PD (b) Electrical spectrum after the
PD showing 28GHz and 60GHz (c) 28GHz Electrical spectrum (d) 60GHz Electrical
5] 01T o 1 U PP 131
Figure 7.8: EVM as a function of received power using 200kHz combined laser linewidth (a)
28GHz OFDM and FBMC (b) 60GHz OFDM and FBMC (c) Constellation for 28GHz OFDM
and FBMC at -7dBm received power (d) Constellation for 60GHz OFDM and FBMC at -
TABM FECEIVE POWET ... a e e e e e e e e e e e e e e e e e e e e e e eas 132
Figure 7.9: EVM as a function of received power 2MHz combined laser linewidth (a) 28GHz
OFDM and FBMC (b) 60GHz OFDM and FBMC (c) Constellation for 28GHz OFDM and
FBMC at -7dBm received power (d) Constellation for 60GHz OFDM and FBMC at -7dBm
TECEIVET POWEN ...ttt 133
Figure 7.10: (a) EVM as a function of received power for 28GHz OFDM, 38GHz OFDM and
60GHz FBMC (b) constellations at -7dBm received power with and without ISFA using UL
2T = 1 1 134
Figure 7.11: (a) EVM as a function of received power for 28GHz OFDM, 38GHz OFDM and
60GHz FBMC (b) constellations at -7dBm received power with and without ISFA using
remotely deliVEred LO ... ..o et e e e e e e et e e e e e e e eeenne 135

Xii



List of Tables

Table 2-1:
Table 3-1:
Table 3-2:
Table 4-1:
Table 4-2:
Table 5-1:
Table 5-2:
Table 6-1:
Table 6-2:

The frequency above 6GHz for future development of IMT 2020 ....................... 16
SIMUIALION Parameters........coooeiiiii e 30
List of frequency coefficients for half Nyquist filter ............ccccciiiiii i, 37
System parameters used in the simulation.................coooiiiiii e, 52

Performance Comparison of the investigated mmWave upconversion Techniques

............................................................................................................................ 71
Source and type of noise generated by components...........cccccevvveeviiiiiiiiinineeennn, 74
Laser Configuration and LINEWItN .........ccoooiiioiiioee e 86

Scenarios used to investigate PA-induced IBI in multi-service mmWave MFH . 106
System parameters used in the simulation...............ocovvviiiiiiii e, 107

Table 7-1 System parameters used in the simulation ..., 127

Xiii



Abbreviations

3GPP
4G

5G
5GPP
5G-NR
ADC
AFB
AM/AM
AON
AWGN
AR
ARoOF
ASE
BB
BBU
BER
BPF
BS
BTB
BPSK
BW
BWA
CA
CAGR
CAPEX
CC
CD
CCDF
CE
CFO
CFR
CMOS
CO
CoMP
CP

Third Generation Partnership Project
Fourth Generation

Fifth Generation

Fifth Generation Partnership Project
5G-New Radio

Analog-to-Digital Converter

Analysis Filter Bank

Amplitude Modulation/Amplitude Modulation
Active Optical Network

Additive White Gaussian Noise
Augmented Reality

Analog Radio over Fibre

Amplified Spontaneous Emission
Baseband

Baseband Unit

Bit Error Rate

Bandpass Filter

Base Station

Back-to-Back

Binary Phase Shift Keying
Bandwidth

Broadband Wireless Access

Carrier Aggregation

Compound Annual Growth Rate
Capital Expenditure

Component Carrier

Chromatic Dispersion

Cumulative Complementary Distribution Function
Channel Estimation

Carrier Frequency Offset

Channel Frequency Response
Complementary Metal Oxide Semiconductor
Central Office

Cooperative Multipoint

Cyclic Prefix

Xiv



CPE Customer Premises Equipment

CPN Converted Phase Noise

CPRI Common Public Radio Interface
C-RAN Centralised Radio Access Networks
CSl Channel State Indicator

Ccw Continuous Wave

DAC Digital-to-Analog Converter

DAS Distributed Antenna System

DC Direct Current

DE-MZM Dual Electrode Mach Zehnder Modulator
DFB Distributed Feedback

DFT Discrete Fourier Transform

DL Downlink

DML Direct Modulated Laser

DPD Digital Predistortion

DSB Double Sideband

DSB-SC Double Sideband-Suppressed Carrier
DSP Digital Signal Processing

DU Digital Unit

ECL External Cavity Laser

ED Envelope Detector

EDFA Erbium Doped Fibre Amplifier
eMBB Enhanced Mobile Broadband

EML External Modulated Laser

E/O Electrical-to-Optical

EVM Error Vector Magnitude

FBMC Filter Bank Multicarrier

FFT Fast Fourier Transform

FT Frequency-Time

FIR Finite Impulse Response

FSPL Free Space Path Loss

FWM Four Wave Mixing

GFDM Generalised Frequency Division Multiplexing
HetNets Heterogeneous Networks

HPA High Power Amplifier

HS Hermitian Symmetry

HT Hilbert Transform

XV



IAM
IAM-R
IBBI
IBI

ICI
IEEE
IF
IFFT
IM-DD
IMD3
IMI
IMT-Adv.
loT

1Q
ISFA
ISI

ITU
ITU-T
KPI

LD
LNA
LO
LTE
LTE-A.
LPF
MBH
MFH
ML
mMTC
mmWave
MIMO
MNO
MP
NB-loT
NF
NG-PON
NLOS

Interference Approximation Method
Interference Approximation Method Real
Inter-band Beating Interference

Interband Beat Interference

Intercarrier Interference

Institute of Electrical and Electronic Engineering
Intermediate Frequency

Inverse Fourier Transform

Intensity Modulation-Direct Detection
Intermodulation Distortion-3

Imaginary Interference

International Mobile Telecommunications Advanced
Internet of Things

Inphase/Quadrature

Intra-Symbol Frequency Domain Averaging
Inter-Symbol Interference

International Telecommunication Union
International Telecommunication Union Telecommunication
Key Performance Index

Laser Diode

Low Noise Amplifier

Local Oscillator

Long Term Evolution

Long Term Evolution Advanced

Lowpass Filter

Mobile Backhaul

Mobile Fronthaul

Modulated Laser

Massive Machine Type Communications
Millimetre-Waves

Multiple In Multiple Out

Mobile Network Operators

Maximum Point

Narrowband-loT

Noise Figure

Next Generation Passive Optical Network
Non-Line of Sight

XVi



NP Null Point

O/E Optical-to-Electrical

OBPF Optical Bandpass Filter

OBSAI Open Base Station Interface
oC Optical Coupler

oCs Optical Carrier Suppression
ODN Optical Distribution Network
O/E Optical-to-Electrical

OFM Optical Frequency Multiplication
OFDM Orthogonal Frequency Division Multiplexing
OFDMA Orthogonal Frequency Division Multiple Access
0]0]2] Out-of-Band

OOK On-Off Keying

OQAM OFDM Offset-QAM OFDM

OPEX Operation Expenditure

OPLL Optical Phase Lock Loop

ORI Open Radio Interface

OSSB Optical Single Sideband

PA Power Amplifier

PAPR Peak to Average Power Ratio
PD Photodiode

PDC Photonic Down Conversion
PDS Photonic Design Suite

PHY Physical Layer

PHYDYAS Physical Layer For Dynamic Spectrum Access And Cognitive Radio
PM Phase Modulator

PMLLD Passive Mode-Locked Laser Diode
PON Passive Optical Networks

POP Pair of Pilots

PPL Phase Locked Loop

PPN Polyphase Network

PRT Phase Rotation Term

P/S Parallel-to-Serial

PSD Power Spectrum Density

PTS Partial Transmission Sequence
QAM Quadrature Amplitude Modulator
QP Quadrature Point

XVii



QPSK
RAN
RAU
RAT
RC-SH
RF
RIN
RoF
RRH
RU
SC-FDMA
SCM
SE
SEL
SFB
SFDR
SLM
SMT
SNR
SSBI
SSMF
SMP
S/P
TLD
UE
UFMC
UHD
UL
URLLC
UuwB
VR
VPI
WIMAX
WSS
XPM
ZF

Quadrature Phase Shift Keying
Radio Access Network

Radio Access Unit

Radio Access Technology
Receiver Carrier-Self Heterodyne
Radio Frequency

Relative Intensity Noise

Radio over Fibre

Remote Radio Head

Radio Unit

Single Carrier Frequency Division Multiple Access
Subcarrier Multiplexing

Spectral Efficiency

Soft Envelope Limiter

Synthesis Filter Bank

Spurious Free Dynamic Range
Selective Mapping

Staggered Multitone
Signal-to-Noise Ratio

Signal Signal Beat Interference
Standard Single Mode Fibre
Self-Phase Modulation
Serial-to-Parallel

Tunable Laser Diode

User Equipment

Universal Filtered Multicarrier
Ultra-High Definition

Uplink

Ultra Reliable Low Latency Communications
Ultra-Wide Band

Virtual Reality

Virtual Photonics

Worldwide Interoperability for Microwave Access
Wavelength Selective Switch
Cross Phase Modulation

Zero Forcing

XVili



List of publications

Abayomi T. Latunde, Anastasios Papazafeiropoulos, Pandelis. Kourtessis, and John M. Senior,
"Co-existence of OFDM and FBMC in Resilient Photonic Millimeter-wave 5G Mobile
Fronthaul,” Photonic Network Communications (PNET) Journal 2019. (Accepted)

DOI: 10.1007/s11107-019-00845-z

(Invited) Abayomi T. Latunde, M. Milosavljevic, P. Kourtessis, and J. M. Senior,
"OQAM-OFDM RoF with IM-DD Remote Heterodyne 28GHz Upconversion for 5G
Millimeter RANSs," in 2016 18th International Conference on Transparent Optical Networks
(ICTON) 2016, pp. 1-4.

XiX



1. Towards High Capacity 5G Mobile Broadband

Access Network

1.1. Introduction

The proliferation of Internet-enabled mobile devices consuming a large amount of data and
emerging applications such as ultra high-definition (UHD) video, augmented reality (AR),
virtual reality (VR), online gaming as well as the Internet of things (loT), are driving the
explosive growth of mobile data traffic. According to Cisco virtual network index (VNI) report,
the global mobile data traffic is expected to grow at a 47% CAGR (see Figure 1.1), reaching
49 exabytes per month by 2021 [1].
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Figure 1.1: Cisco VNI Report for Global Mobile Data Traffic [1]

These smart devices accounted for 89% of mobile data traffic in 2017, of which 60% was
video traffic. It has been forecasted that more than 75% of the world’s mobile traffic will be
video by 2021 [1]. As this trend continues, one direct consequence is that the last-mile
access networks become a bottleneck of user bandwidth. Therefore, the wireless
communication infrastructure that connects these devices must evolve to support this
ever-increasing demand [2]. Currently, the dominant broadband wireless access (BWA)
standards are Long Term Evolution (LTE), Worldwide Interoperability for Microwave Access
(WIMAX) and Wi-Fi. The 4" generation (4G) mobile broadband primarily based on LTE

represents the largest share of mobile data traffic by network type.



1.2. State-of-the-Art 4G Mobile Broadband and Beyond

The LTE mobile broadband since its standardisation by the Third Generation Partnership
Project (3GPP) has been widely deployed by most service providers around the world. The
introduction of LTE marked a paradigm shift in mobile broadband with the adoption of
orthogonal frequency division multiple access (OFDMA) and single carrier frequency division
multiplexing access (SC-FDMA), which are based on orthogonal frequency division
multiplexing (OFDM) as the downlink (DL) and uplink (UL) access technology [3].
Techniques such as higher order modulation as well as multiple input multiple output (MIMO)
spatial multiplexing are employed to improve spectral efficiency (SE) and increase network
capacity. The peak throughput of LTE is 300Mbps and 75Mbps in DL and UL, respectively.
In order to meet the International Telecommunication Union (ITU) recommendations for 4G
mobile communications as defined in the International Mobile Telecommunication-Advanced
(IMT-Advanced), LTE-Advanced (LTE-A) was specified in Rel. 10 by the 3GPP [4]. As an
enhancement to LTE specified in Rel. 8, LTE-A was envisioned to provide a much higher
peak data rate of up to 1Gbps and 500Mbps in the DL and UL, respectively [5]. The main
feature of LTE-A is that it allows the combination of up to 5 component carriers (CCs) in a
technique referred to as carrier-aggregation (CA). Therefore, a maximum of 100MHz can be
realised by CA using five 20MHz LTE channels. CA can be achieved within the same band
using a contiguous or non-contiguous stream of channels or between channels from two
different bands. In addition, new techniques such as coordinated multipoint (CoMP) and
higher order MIMO was introduced to improve SE and throughput. While LTE can support
4x4 MIMO configurations, LTE-A has the capability for 8x8 MIMO. Furthermore, LTE-A
supports heterogeneous networks (HetNets) with coexisting Macro, Micro and Pico cells in
the same infrastructure. Recently, LTE-A Pro was ratified by the 3GPP in Rel. 13 [6], to
support the ever-growing demand for wireless resources as well as the emerging new class
of services requiring more flexible network planning. An example of such service is the
narrowband 10T (NB-loT). The main feature in LTE-A Pro is the exploitation of unlicensed
5GHz band, which enables the support for up to 32 CCs in CA as well as higher order
modulation (i.e. 256QAM) [6]. Evidently, more bandwidth is required in order to provide

ubiquitous and high capacity services that meet mobile users’ growing demand.

1.3. The IMT 2020 Requirements for 5G

The IMT 2020 key performance indicators (KPIs) outlined by the ITU is shown in Figure 1.2.
The three main application scenarios are defined, namely, enhanced mobile broadband
(eMBB), massive machine type communication (mMTC) and ultra-reliable low-latency

communication (URLLC). As shown in Figure 1.2, the eMBB is of high importance and the



use case envisions a peak data rate of 20Gbps and 10Gbps in DL and UL, assuming all
resources are utilised. Also, a minimum of 100Mbps user experienced data rate is expected,
which is 100 times improvement over the cell edge data rate of 4G networks. These KPIs
are important in meeting the explosive demand for high data rates anticipated in the 5"
generation (5G) mobile network.

Peak Data Rate High

User Experienced
Data Rate

Enhanced Mobile

Broadband
Area Traffic Spectrum
Capacity Efficiency
Network Mobility
Energy efficiency

Ultra-reliable
and low latency
communications

Massive machine
type communications

Latency

Connection Density

Figure 1.2: High-Level Requirements for 5G

1.3.1. Research Initiatives towards 5G

In recent years, several research initiatives involving equipment manufacturers, mobile
network operators (MNOs) as well as the academic community have emerged, working
towards the future 5G networks. Many of these consortia have been researching probable
standardisation aspects of 5G, mainly focusing on two key areas that impact the eMBB use
case, nhamely network architecture and air interface design. The projects are largely funded
by the European Commission under the Seventh Framework Program for research and
developments (FP7), Horizon 2020 program and the 5G Infrastructure Public-Private
Partnership (5G-PPP). A few examples are Mobile and Wireless Communications Enablers
for the Twenty-twenty Information Society (METIS) [7], 5" Generation Non-Orthogonal
Waveforms for Asynchronous Signalling (5GNOW) [8], Millimetre-Wave Evolution for
Backhaul and Access (MIWEBA) [9], Beyond 2020 heterogeneous Wireless Networks with
Millimetre-Wave Small Cell Access and Backhauling (MiwWaveS) [10], mm-Wave based
Radio Access Network for 5G Integrated Communications (mmMAGIC) [11], 5G Crosshaul
(XHaul) [12], and 5G Communication with Heterogeneous, Agile Mobile network in the
PyeongChang winter Olympic competioN (5G CHAMPION) [13]. A summary of the

objectives of each of the above-mentioned projects are listed below:
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METIS I1&Il: METIS was the flagship EU project setup to provide valuable
contributions to 5G pre-standardisation processes by developing a concept for the
future mobile and wireless communication system. Spectrum management, air
interface design and coexistence between legacy and new air interface were
investigated. In terms of air interface design, METIS showed that Filter-Bank
Multicarrier (FBMC) waveform can be a successful enabler for flexible air interface
design.

5GNOW: Flexible and unified frame structure was the main objective of the 5GNOW
project. Flexible non-orthogonal waveforms were proposed that can support the IMT
2020 use cases (eMBB, mMTC and URLLC). The waveforms developed within the
5NOW project are the Universal Filtered Multi-Carrier (UFMC) and Generalised
Frequency Division Multiplexing (GFDM).

MIWEBA: The concept of HetNets, in which mmWave small cells are overlaid on
larger macro cells was investigated within the MIWEBA project. MIWEBA also
proposed a split between the control and data plane in order to overcome restricted
coverage problem and reduce signalling overhead to the mmWave small cells.
MiWaveS: The development of network function algorithms, radio and antenna
technologies as well as the investigation of integrated small cell networks were the
main objectives of the MiWavesS project.

MmMMAGIC: The suitability of a wide range of frequencies between 6GHz and
100GHz for 5G was the main objective of the mmMAGIC project. The mmMAGIC
project investigated and developed robust channel models as well as transmission
impairments (e.g. phase noise) characterisation at mmWave frequencies.
5G-Crosshaul: The 5G-Crosshaul project aimed at developing a 5G integrated
backhaul and fronthaul transport network enabling a flexible and software-defined
reconfiguration of all networking elements in a multi-tenant and service-oriented
unified management environment. The 5G-Crosshaul transport network proposed
within the project is envisioned to consist of high-capacity switches and
heterogeneous transmission links (e.g., fibre or wireless optics, high-capacity copper,
mmWave) interconnecting remote radio heads (RRHs), 5GPoAs (e.g., macro and
small cells), cloud-processing units (mini data centres), and points-of-presence of the
core networks of one or multiple service providers.

5G CHAMPION: The main objective of the 5G CHAMPION project was to
demonstrate a proof-of-concept (PoC) 5G technology at the 2018 PyeongChang
winter Olympics games. The PoC comprises of two interconnected 5G networks (one
developed in South Korea and the other in Europe) operating in different frequency

bands, using different air interface as well as core network specifications. Two use
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cases: (i) short latency applications, (ii) broadband applications with stationary, high

and ultra-high mobility. The 28GHz mmWave link was used as the backhaul for the

radio access technology (RAT) hot-spot.
In order to fast track 5G developments, the 3GPP decided that the 5G-new radio (5G-NR)
eMBB reuse the LTE core network and control plane [14]. A phased approach is considered
in the standardisation of 5G-NR. Phase 1 will appear in the Rel.15 while phase 2 is expected
to be captured in Rel.16 [15]. The key features addressed in phase 1 are carrier frequency,
channel bandwidth, channel coding and spectrum occupancy. In terms of channel
bandwidth, a maximum of 100MHz bandwidth can be supported for carrier frequencies

below 6GHz, while up to 1GHz is supported for frequencies above 6GHz [15].

1.4. Research Motivation and Objectives

Several use cases are envisioned for 5G eMBB in order to meet the goal of providing
pervasive Internet services to mobile users. As mentioned previously, network architecture
and air interface design are key areas in the development of 5G. The integration of mmWave
small cells into the centralised (or cloud) radio access network (C-RAN) will enable the
design of robust mobile fronthaul (MFH) architecture, capable of addressing high-capacity
data rate requirements. Due to the relatively short propagation distance at mmwWave and the
reduced coverage area of small cells, high-density deployment is necessary, which may be
challenging with the present MFH architecture. Radio-over-Fibre (RoF) technology has long
been deployed to extend the range and distribute radio signals in distributed antenna
systems (DAS) and it is expected to play an important role in the next generation 5G access
systems. Therefore, it will be interesting to explore fibre-wireless technologies that will
enable mmWave small cells to be seamlessly integrated into future radio access networks
(RANS).

The main objective of this research is to study enabling fibre-wireless technologies for
cost-efficient, flexible and scalable deployment of integrated mmWave small cell in 5G

RANSs. Several impairments associated with the generation and transmission of mmwWave
signals in analog MFH is investigated. A simple frequency domain averaging technique is
implemented to enhance the channel estimation (CE) process, in order to mitigate the effect
of transmission impairments on the system performance. Furthermore, the impact of
inter-RAT interference due to power amplifier (PA) nonlinearity is investigated with regards
to the coexistence of multiple RATs over a single MFH architecture. Finally, a technique for
flexible realisation of multiple mmWave signals in a multi-RAT scenario is proposed and

investigated.



1.5.

Research Contributions

The major contributions of this thesis are highlighted as follows:

Carried out a comprehensive analysis of 5 mmWave upconversion techniques with
respect to the impact of electrical-to-optical (E/O) and optical-to-electrical (O/E)
interfaces on 5G candidate waveforms. In each of the techniques, OFDM and FBMC
waveforms were employed for the investigation. The techniques were compared in
terms of transmission performance, complexity and cost-efficiency in the application
to dense deployment of mmWave small cells for 5G MFH.

Derived an expression for the global signal-to-noise ratio (SNR) of the mmWave
signal generated using laser heterodyning upconversion technique. Carried out an
extensive study of the impact of various noise sources that limit the system
performance. Although the total noise in the system is a combination of several noise
sources, it was found that the system performance can be dominated by relative
intensity noise (RIN) thereby masking other noise sources. However, for low RIN
lasers, a combination of laser phase noise and fibre chromatic dispersion (CD) limits
the system performance.

Since the transmission impairments are inherent to the employed architecture, a link
adaption technique was proposed and demonstrated by exploiting the channel state
information (CSI) feedback from the user equipment (UE) to improve the system
throughput based on the SNR. To further improve the system throughput, a
frequency domain averaging algorithm was proposed and implemented to enhance
the equalisation process at the UE. Results showed significant improvement in the
system throughput compared to link adaption without frequency domain averaging
technique.

Carried out an extensive investigation of the inter-RAT interference in mmWave small
cell deployment due to power PA nonlinearity in the coexistence of multiple 5G
services employing OFDM and FBMC waveforms as well as legacy service such as
LTE. Results showed that FBMC can successfully coexist with OFDM based services
with the PA operating in the linear regime. On the other hand, OFDM based service
contributes significant out-of-band (OOB) interference to adjacent services, even
when the PA was operated in the linear regime.

Proposed a novel scheme to generate multiple mmWave signals based on optical
heterodyning in multi-RAT/ heterogeneous small cell MFH. The proposed technique
can flexibly generate different mmWave signals by simply adjusting the centre

emission wavelength of the heterodyning lasers. The 28GHz, 38GHz and 60GHz



were generated and successfully received by the UE after 40km fibre and 2m

wireless transmission.

1.6. Thesis Outline

In chapter 2, enabling technologies for next-generation fibre-wireless MFH systems are
discussed. In addition, some techniques that have been proposed in the literature to
generate mmWave carrier with the aid of electrical and photonic components are also
reviewed. In chapter 3, the industry standard VPI Transmission Maker® simulation platform
used in this thesis is introduced and the integration with MATLAB in a cosimulation
technique is discussed. The self-heterodyne detection technique is investigated for 28GHz
offset-QAM OFDM generated using laser heterodyning. Additionally, FBMC system
architecture and several preamble-based CE techniques that have been proposed for FBMC
are reviewed. Finally, peak to average power ratio (PAPR) is briefly discussed and the effect
of clipping technique in reducing PAPR is investigated in FBMC. In chapter 4, five mmWave
upconversion techniques are investigated in terms of the complexity, scalability and impact
of E/O and O/E conversion on the transmitted signal. Several noise sources in laser
heterodyning architecture and their impact on the overall system SNR are studied in chapter
5. Link adaptation based on the received SNR is used to implement adaptive modulation so
as to optimise the system throughput. A frequency domain averaging technique is employed
to enhance CE in order to improve the equalisation process. Chapter 6 studies the impact of
PA nonlinearity considering several multi-service /multi-RAT deployment scenarios in both
DL and UL, respectively. A novel scheme is proposed in chapter 7 to flexibly generate
multiple mmWave signals employing laser heterodyning. Finally, a summary of the work
carried out in this thesis as well as suggestions for possible future research directions are

presented in chapter 8.



2. Enabling Technologies for High-Capacity 5G

Mobile Broadband Access

2.1. Introduction

In order to provide high-capacity, ubiquitous services in 5G, it is important that existing
system architecture for radio access evolves to accommodate the ever-increasing demand
for high-speed broadband access [2, 16]. With the emergence of new radio technologies, the
cellular networks are moving away from the traditional Macro cell with tower mounted base
stations (BSs) towards multi-tier HetNets, enabling the deployment of densely spaced small
cells BSs [17, 18]. This deployment scenario is anticipated to include the integration of novel
enabling technologies such as mmWave and massive MIMO to enhance capacity and offer
improved SE to service subscribers. It is therefore important to ensure the future RAN
architecture effectively support the integration of such technologies. The C-RAN architecture
has been proposed to that effect [19, 20]. Also, evolving from this paradigm shift in RAN
architecture is the concept of fronthauling. Specifically, MFH using optical access has been
discussed as a key enabler for the deployment of a large number of small cell BSs in 5G
access networks [21-24].

This chapter discusses potential technologies for next generation fibre-wireless MFH as well
as the challenges of integrating high capacity mmWave small cells into 5G C-RAN
architecture. Finally, several techniques that have been reported in the literature as a means

to cost-effectively generate mmWave carrier for 5G wireless signals are discussed.

2.2. Cloud Radio Access Network Architecture

In conventional macro BSs, the two main functional units, namely baseband unit (BBU) or
digital unit (DU) and radio unit (RU) also called radio element (RE) are located at the base of
a tower or in a cabinet at close proximity (i.e. few metres). Functions such as baseband
signal processing, radio network controller, management and control of BS are performed in
the DU, while digital-to-analog/analog-to-digital (DAC/ADC), radio upconversion, filtering and
amplification are performed in the RU. The RUs are connected to the antennas on top of the
cell tower by bulky coaxial cables, via an interface known as X2. These configurations
present some disadvantages such as transmit power loss in the cable and large equipment
footprint [25]. Therefore, the conventional macro BS is physically separated into BBU and
RRHs in distributed RAN architecture, where the RRHs are mounted on the cell tower close
to the antennas and they require short coaxial jumper cables to connect them to the

antennas. The connection between the BBU and RRHSs is primarily an optical fibre, which



presents low loss and high bandwidth. This distributed RAN architecture has been deployed
for high-capacity broadband access in LTE and 4G networks.

Evolving from the distributed RAN architecture is the concept of C-RAN, which is to pool
several BBUs in a centralised location (i.e. Cloud) or BBU hotelling [26-28]. In C-RAN, the
BBUs are co-located in the central office (CO) and several RRHs are connected to the CO
via optical fibre link [27]. Figure 2.1 shows the C-RAN network architecture, consisting of
Mobile Backhaul (MBH) link from the core network to the BBUs and MFH which connects the
BBUs to the RRHSs. In terms of management, the total cost of ownership (TCO) which
includes capital expenditure (CAPEX) and operating expenditure (OPEX) is greatly reduced
as several BBUs can share resources such as cooling and power [28]. In addition, C-RAN
architecture enables flexibility and enhanced scalability, thus accelerating network
integration. Moreover, advanced wireless network functionalities such as CoMP and
enhanced Inter-cell Interference (elCIC) can be implemented more easily to enhance users’

cell-edge coverage [28].

Core Network

Mobile Backhaul

co

BBU Pool/ Hotelling

Mobile Fronthaul

Figure 2.1: C-RAN Architecture
In the present MFH network installations, Common Public Radio Interface (CPRI) protocol is
generally used to transmit digitised baseband 1Q signals from the BBU to the RRH and vice
versa using optical fibre link [29]. Other protocols which can be used are the Open Base



Station Architecture Initiatives (OBSAI) [30] or the Open Radio Initiatives (ORI) [31]. CPRI
requires accurate synchronisation, strict latency control and constant bit rate having
significantly high overhead data. For instance, 10.137Gbps (i.e. CPRI Rate-8) is required to
transport 10 20MHz LTE signal. To deploy LTE-A with, 8x8 MIMO in a typical 3-sector cell
site, the aggregated fronthaul data rate per RU in both direction will be approximately
60Gbps [32]. Considering that the huge bandwidth available in the mmWave frequency
bands is expected to be exploited in 5G, a significantly high MFH data rate will be required in
CPRI. Additionally, very high bandwidth optical components (e.g., modulators) will be
required, which will significantly increase the MFH cost and complexity. Although several
data compression techniques have been proposed [33-36], this will introduce additional
delay and increase complexity and besides, the data rate is still relatively high [34, 36].
Another technigue that has been proposed and extensively researched is functional split
between the BBU and RRH [37]. By moving some processing close to the RRH, the MFH
data rate requirement can be significantly reduced. The 3GPP has since initiated a study
regarding the re-definition of function split between BBU and RRH. Several schemes, by
which wireless signals can be transported over fibre that has been presented for MFH, as
well as proposed modifications to the existing technologies, are discussed in the next

section.

2.3. Transport Technologies for Mobile Fronthaul

The optical link in CPRI-based MFH is usually implemented using wavelength division
multiplexing (WDM) technology or passive optical network (PON). Microwave radio link has
long been used for MBH and it is anticipated that it may be deployed for the future MFH
architecture [38], where the optical fibre is not in place and laying new fibre trunk is
prohibitive either due to high cost or regulatory restrictions [39, 40]. However, microwave
solutions will be subject to bandwidth constraints being experienced in current wireless
systems. The bandwidth constraint can be avoided by using mmWave for wireless MFH,
thanks to the vast amount of licence free bands present but the inherent high propagation
losses limits the transmission range. Therefore, optical fibre transport technology appears to
be a viable solution since it presents low loss transmission and high bandwidth. A number of
means by which radio signals can be transported via optical fibre link are discussed in the

next section.

2.3.1. Radio over Fibre Technology

The basic schematic structure of a RoF system is shown in Figure 2.2, comprising of the CO
where multiple wireless signals are generated and multiplexed before the E/O conversion,

and transported to the BSs via optical distribution network (ODN). At the BS, the signal is
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radiated to the wireless user terminal after O/E conversion. In a typical RoF transmission
scenario, the radio signal modulates the intensity of the laser diode (LD). The intensity
modulation technique can be performed in two ways namely direct modulated laser (DML)
and externally modulated laser (EML). The radio signal drives and directly modulates the
intensity of the laser in DML, whereas, in EML, the intensity of a continuous wave (CW) laser
is modulated in an optical modulator. After fibre transmission, the optical signal is directly
converted to an electrical signal by a photodiode (PD). Thus, the E/O and O/E conversion is

referred to as intensity modulation-direct detection (IM-DD) [41].

«)
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Figure 2.2: Radio-over-Fibre
The wireless signals in RoF can be transported at baseband (BB), intermediate frequency
(IF) or at radio frequency (RF), and it can be implemented as either digital RoF (DRoF) or
analog RoF (AROF) as set out in the ITU recommendations for RoF technologies and their

applications [42]. These two transmission schemes are discussed briefly in the next section.
2.3.1.1. Digital Radio over Fibre

The three basic implementations of DRoF are shown in Figure 2.3. The most common
implementation of DRoF is the digital BB-over-Fibre (see Figure 2.3 (a)) used to transport
wireless signals from BBU to RRH in C-RAN. The baseband 1Q samples are digitised before
optical transmission and converted to RF signals before transmitting from the antenna. The
CPRI framing structure has both wireless sample data and management data segments,
which are digitised based on the CPRI protocol resulting in high overhead data. In the case
of digitised IF and digitised RF, shown in Figure 2.3 (b) and Figure 2.3 (c), digital IF and RF
modulators are employed, to upconvert the 1Q baseband signals prior to E/O conversion.
Notice that the RF upconversion stage is not required in Digital RF-over-Fibre (see Figure
2.3 (c)), since the digitised signals are transmitted at the desired frequency. Although this
configuration reduces the complexity of the BS, high sampling rate DAC that operates in the

desired RF band will increase the overall system cost.
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Alternative DRoF transmission scheme has been reported in the literature [43-46]. In [46],
multiple IF signals are electrically combined and converted to digital samples using ADC
after which they were transported over the optical link to the BS. In reconstructing the signals
using DAC, a bandpass sampling technigue was employed in order to select a
high-frequency Nyquist zone; thus, IF-to-RF upconversion local oscillator (LO) is avoided.
However, the bandwidth requirement of the DAC scales with the desired frequency of the
wireless signals. Moreover, aliasing and jitter noise from the DAC/ADC may result in the
degradation of the system SNR [47]. Recently, delta-sigma modulation has been proposed
as an alternative fronthaul solution [48], which trades the quantization bits with the sampling
rate. Nevertheless, the high sampling rate requirement makes delta-sigma scheme
expensive. Therefore, a cost-effective solution is necessary, in order to design scalable

fronthaul architecture for 5G mobile networks.

2.3.1.2. Analog Radio over Fibre

The two main implementations of ARoF is shown in Figure 2.4 (a) and Figure 2.4 (b), namely
Analog IF-over-Fibre and Analog RF-over-Fibre. Alternatively, the baseband signals can be
digitally shifted to IF in the frequency domain during the digital signal processing (DSP)
process. In ARoF, the transmitted analog signal is generated by the DAC and upconverted

to IF or RF before E/O conversion and subsequently, fibre transmission. The BS process
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includes E/O conversion, upconversion (in the case of IF-over-Fibre), filtering and
amplification. Thus, the BS complexity, as well as power consumption, is significantly
reduced compared to DRoF systems since DAC/ADC is not required since most of the signal
processing functions are centralised in ARoF featuring simple, scalable and low-cost
implementations. Additionally, ARoF is transparent to signal waveforms and modulation
formats, thus multiple wireless services from different RATs, e.g., LTE, WiFi, WiMAX and
mmWave signals can be multiplexed and transported together via the same optical fibre link
[49, 50].
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Figure 2.4: Analog-over-Fibre (a) IF-over-Fibre (b) RF-over-Fibre
More importantly, ARoF presents high SE and this advantage can be exploited in the future
MFH to avoid the huge bandwidth in CPRI-based digital MFH [51]. The bandwidth efficiency
of analog MFH has been demonstrated by several authors [52, 53], employing frequency
domain multiplexing technique to transmit multiple aggregated LTE signals in multi-IF over
fibre MFH. In [54], 36 LTE signals were aggregated using DSP technique and transmitted on
a single wavelength occupying 1.1GHz. The channel aggregation/ de-aggregation were
achieved using efficient inverse discrete/discrete Fourier Transform (IDFT/DFT) DSP
techniques. The transmission of 48 20MHz LTE signals was demonstrated in [55], employing
frequency-domain windowing to reduce the size of FFT/IFFT needed for channel

aggregation and de-aggregation.

Besides the advantages of ARoF, nonlinearity is a major challenge in employing ARoF for
multi-service MFH architecture. The nonlinearity can arise as a result of the nonlinear
transfer function of E/O interface [56-58], induced by CD [59] or four-wave mixing (FWM) in
WDM systems [60], resulting intermodulation distortions (IMDs). The IMDs from the E/O
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interface can be generated by the laser in DML or Mach-Zehnder modulator (MZM) in EML
RoF systems. Therefore, several linearisation techniques have been proposed to mitigate
the effects of nonlinearity of the E/O interface [61-63]. The simplest and most common form
of linearisation is predistortion. This technique can be implemented in analog [64] or digital
domain [65]. The idea behind predistortion is to estimate and pre-compensate the nonlinear
channel response by creating inverse characteristics of the channel response in the
predistorter. Digital predistortion (DPD) is carried out at baseband before the DAC, which
makes the technique much easier to implement, by avoiding the complexity of RF hardware.
In [66], nonlinear inter-channel distortion in a multi-service/ multi-RAT MFH was investigated
and DPD was applied to mitigate the inter-channel nonlinearity due to the PA and E/O
interface. In order to avoid dispersion-induced distortion, efficient frequency plan was
demonstrated in [67], such that the distortions were made to fall outside the useful signal
bandwidth, while successfully transmitting up to 72 20MHz LTE-A carriers equivalent to
88.47Gbps in CPRI data rate over 30km fibre with low-cost 1.5GHz DML bandwidth.

Evidently, advanced DSP techniques can be employed to mitigate the impact of nonlinear
impairments, thereby making ARoF a viable technology for the next-generation MFH
architecture. Furthermore, the application of mmWave with bandwidth up to 1GHz (as
proposed for 5G-NR) to MFH architecture featuring small cells is also straightforward, since

no protocol or interface modification is required.

2.4. Millimetre-wave Technology

The mmWave frequency band is one of the enabling technologies for 5G mobile
communications. The mmWave presents a huge amount of spectrum and has attracted
significant attention within the research community, where the suitability of different
mmWave frequencies for 5G mobile communication has been investigated [68-71]. The
mmWave spectrum usually refers to frequency bands at 30-300GHz, but nearby 24-28GHz
has been included in the discussion. The fact that most mmWave frequency band is license
free or lightly licensed means it can be readily available to MNOs globally. However,
mmWave transmissions can experience significant attenuations in the presence of heavy
rain since raindrops have a similar wavelength (i.e. millimetres) [72]. Also, relatively high
atmospheric absorption results in significant propagation loss. The atmospheric absorption
across mmWave frequencies in dB/km is shown in Figure 2.5. The white circle shows the
region where atmospheric attenuation is very small, the green circles show the attenuation
similar to current communication systems, while the blue circles indicate frequencies with

high attenuation.
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Figure 2.5: Atmospheric absorption at different frequency bands [39]

The 60GHz band due to its universal availability and license free has attracted the most
interest and has been standardised for various applications, such as Wireless HD
technology, ECMA-387, IEEE 802.11ac and IEEE 802.11ad. Enabled by the advent of
advanced complementary metal-oxide semiconductor (CMOS) that now operates well in the
mmWave band, these technologies are already being deployed [73]. Although the
propagation loss is quite high for the 60GHz frequency band as shown in Figure 2.5, it is well
suited for short-range communication, and it has been heavily researched for the
next-generation small-cell backhaul. Apart from the 60GHz band, the 28GHz has received
considerable attention from both industry and academia [73, 74]. Rappaport et.al have
investigated the suitability of 28GHz, 38GHz and 73GHz for mobile communications in
dense urban cities of New York and Texas, respectively [68]. The results demonstrated the
possibility of employing 28GHz for small cell coverage of up to 200m employing highly
directional antennas. Prior to this investigation, Samsung reported the feasibility of applying
28GHz in the next generation of mobile broadband systems. The ITU at the World
Radiocommunication Conference in 2015 (WRC-15) selected several frequency bands [75]
listed in Table 2-1 as candidates for 5G.

In the meantime, the FCC in the USA has released the 28GHz and 38GHz which were
originally licensed locally for broadband services as well as the unlicensed spectrum at
64GHz - 71GHz for potential 5G developments. The 28GHz has been highlighted as a
potential frequency for 5G in the USA, South Korea and Japan with proof of concept and
field trials being carried out in preparation for the 5G standards. Samsung has been a
leading advocate of the 28GHz band, demonstrating in 2013, a record speed of 7.5Gbps for

a stationary vehicle and 1.2Gbps when the vehicle was moving at 100km/hr [76]. Handover
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technique was demonstrated between two small cells for a vehicle moving at 192km/hr in

September 2017.

Table 2-1: The frequency above 6GHz for future development of IMT 2020

24.25GHz — 27.5GHz

47.2GHz — 50.2GHz

37GHz - 40GHz

50.4GHz — 52.6GHz

42.5GHz — 43.5GHz

66GHz — 76GHz

45.5GHz - 47GHz

81GHz — 86GHz

Other field trials have been carried in collaboration with KDDI in South Korea, NTT Docomo
in Japan, and Verizon in the USA to test 5G technologies. Recently, the world’s first fully
integrated end-to-end 5G prototype was demonstrated at the 2018 Winter Olympic Games in
PyeongChang, South Korea [73].

Fixed wireless access (FWA) is another application, where the 28GHz is being investigated
[77]. The idea behind the FWA concept is to replace the last-mile optical fibre infrastructure
with 5G wireless. The radio link from the mmWave radio unit to the outdoor/indoor customer
premises equipment (CPE) is fixed ranging between 10 - 100m and it is anticipated to offer
speeds comparable to fibre installations (see Figure 2.6) [78]. The Verizon 5G Technology
Forum (V5GTF) was formed in cooperation with Cisco, Qualcomm, Intel, Nokia, Samsung
and LG to set out 5G technical specifications for FWA, and to facilitate trials leading to

commercial deployment [73].
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Figure 2.6: Samsung end-to-end 5G FWA network [78]
In the UK, Argiva (telecom mast operator) recently announced that it will be conducting FWA
trials at 28GHz in conjunction with Samsung. Meanwhile, Qualcomm has announced that the

first commercial products featuring 5G-NR modem is expected to be available in 2019 and it
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will initially support the 28GHz band with 800MHz bandwidth via 8x100MHz CA [79]. There
is a high priority for bands around the 28GHz in the USA, South Korea and Japan, even
though the 28GHz band was excluded from the mmWave candidate frequencies
recommended by the ITU (see Table 2-1). The 3GPP proposes to treat the spectrum from
24.25GHz - 29.5GHz as one band and adapt the actually used channel based on local
regulations. The first mmWave 5G standard will most likely be around the 28GHz for both
fixed and mobile broadband. On the other hand, cost-efficient generation of the mmwWave
carrier for 5G small cell MFH leveraging fibre-wireless architecture is actively researched. In
the next section, photonics-aided techniques that have been reported in the literature as a

means to generate mmWave carrier for 5G small cells are discussed.

2.5. Photonics Techniques for Millimetre-wave Generation

Photonic-aided techniques have proved to be a viable alternative in generating spectrally
pure mmWave carrier for high-capacity 5G small cell MFH. Since most of the signal
processing functionalities is concentrated in the CO, the mmWave carrier can be remotely
generated and delivered to the RRH along with the DL signal. Basically, the mmWave carrier
is generated by optical heterodyning at O/E conversion, thereby significantly reducing the BS
complexity. Several mmWave generation techniques that have been proposed in the
literature are highlighted in [80, 81]. These techniques rely on a combination of electrical LO
and optical components or all-optical technique to realise mmWave carrier. The optical
carriers for heterodyning can be generated using MZMs or by mixing of optical tones from
lasers. In the MZM based optical heterodyning technique, the nonlinear transfer function of
MZM is exploited to generate multiple phase-correlated optical carriers [82-84]. In laser
based optical heterodyning, gain-switched laser [85-87], passive mode-locked laser diode
(PMLLD) [88, 89] and unlocked lasers techniques have been reported [90-92]. These

photonic mmWave upconversion technigues are discussed next.

2.5.1. Photonic-aided Millimetre-wave Generation using MZMs

External modulators, especially the dual electrode-MZM (DE-MZM) are a key component in
the design of future proof fibre-wireless systems for 5G MFH. Aside from the ability to
eliminate frequency chirp in the generation of the optical signal [93], DE-MZM has been
widely employed in literature for the generation of spectrally pure mmWave carrier [94-97],

mainly focusing on the conventional push-pull configuration.
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Figure 2.7: Schematic of DE-MZM (a) DE-MZM transfer function (b)
Figure 2.7 shows the schematic (a) and the intensity transfer function (b) of the DE-MZM.
The driving RF signal and bias are applied to the upper and lower arm of the MZM to create
a phase shift ¢ between the two interferometric branches with opposite signs (i.e. push-pull).
The bias voltage required to create a relative phase shift of 180° between the two arms is .
The three operating points of DE-MZM is shown in Figure 2.7 (b), namely maximum point
(MP), quadrature point (QP) and null point (NP), respectively.
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Figure 2.8: Optical signal after E/O at (a) Maximum point (b) Quadrature point (c) Null point
Due to the sinusoidal transfer function of the MZM, optical sidebands are generated at
multiple frequencies of the driving RF signal on either side of the optical carrier. Figure 2.8
(a)-(c) shows the optical signal resulting from the three bias points of DE-MZM. As shown in
Figure 2.8 (a), when the DE-MZM is biased at MP, the intensity is at maximum and all odd
order sidebands are suppressed after E/O conversion. The output of MZM biased at QP is
an optical double sideband (ODSB) modulation as depicted in Figure 2.8 (b). The maximum
linearity of the transfer function is achieved when the DE-MZM is biased at QP. When an
ODSB modulated signal is transmitted over optical fibre, the sidebands experience different
propagation delay due to fibore CD. As a consequence, constructive or destructive
interference may occur between the beating sidebands at O/E conversion. The transmitted
signal will experience total extinction at certain frequencies depending on the transmission

distance. When the DE-MZM is biased at NP, the optical carrier and even order sidebands
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are suppressed and thus, referred to as optical carrier suppression (OCS) modulation
technique.

Although, NP bias point results in 2x the modulating RF after O/E conversion, OCS
modulation is generally realised by multiple MZMs arranged either in series or parallel. The
series configuration often referred to as cascaded MZMs is used to separate the data
modulation from optical mmWave generation [98]. With the cascaded MZM configuration,
higher order harmonics can be used to generate, for example, frequency tripling [99] or
frequency quadrupling [100] of the modulating RF. In [99], DE-MZM and a phase modulator
(PM) was cascaded in series as shown in Figure 2.9, to generate a DSB-suppressed carrier

(DSB-SC) and optical single sideband (OSSB) modulation, respectively.
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Figure 2.9: Cascaded MZM and phase modulator for frequency tripling [99]
By varying the bias and modulation indices ratios, the sideband suppression ratio in OSSB
and optical carrier to sideband suppression ratio in DSB-SC were significantly improved and
consequently, improving fibre CD tolerance. In [100], two DE-MZMs were biased at NP as
depicted in Figure 2.10 to generate a frequency quadrupled mmWave carrier. A single RF
source was used to drive the two MZMs, with the bias symmetrical about the NP, i.e. the
MZM1 was biased at the positive slope of the transfer curve while MZM2 was biased at the
negative slope of the transfer curve. With the configuration, the two first-order sidebands and
the optical carrier at the output of MZM1 were modulated in MZM2. The output of the second
MZM is a coherent overlap between the modulated coherent frequency components.
Furthermore, by adding an offset to the bias of both MZMs, the optical carrier is almost
completely suppressed such that two even order sidebands beat in the PD. Since the RF

bandwidth of most commercially available MZMs is 20-40GHz [101], the implementation of
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DE-MZM used in this research work is a datasheet model with 40GHz RF bandwidth and it
takes into account parameters such as microwave loss, index mismatch and extinction ratio
in the modelling of its transfer function [101]. The frequency response of MZM can be limited
by velocity mismatch between the electrical and optical signals as well as microwave
attenuation in the electrical circuit [101]. However, due to the relatively small RF bandwidth
of the modulating signal, the effect relating to the frequency response of the MZM is not a

limiting factor.

Figure 2.11: Schematic of two stage upconversion to generate 8x the LO frequency [102]

Recently, a technique was demonstrated to generate 8x the LO frequency employing
two-stage upconversion [102]. Figure 2.11 shows the schematic of the two-stage
upconversion technique that generates a mmWave carrier at 8x the LO frequency. Two
LTE-A signals were generated at IF to represent 2x2 MIMO and used to modulate an optical
carrier. Another optical source was modulated by a 12GHz LO to generate an OCS
modulation and combined with the output of the first MZM. After fibre transmission, two
optical bandpass filters (OBPFs) were used to select the modulated optical carrier and the
OCS signal before the PD. Thus, a frequency doubled RF carrier was generated at 24GHz,
which was then upconverted to 96GHz (i.e. frequency quadrupling) by a frequency
synthesiser (see Figure 2.11). Subsequently, the 96GHz mmWave carrier was mixed with

the IF signal to realise mmWave signal at 96GHz. In the RRH, the mmWave signal was
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downconverted to IF by an ED. The idea was to propose a mmWave wireless bridge in the
W-band that can be used to connect the CO to the RRH locations where fibre installation is
difficult due to the terrain or due to a fibre cut. However, the proposed scheme is not flexible
and may be difficult to upgrade since OBPFs usually have a fixed wavelength.

An optical band mapping technique was proposed in [103], based on OCS optical mmWave
generation. The modulating signals (LTE and mmWave) were generated as IF signals and
used to modulate separate optical carriers, after which a reconfigurable switch dynamically
selects the signal to be transmitted and subsequently map these optical signals to the optical
mmWave generation module as shown in Figure 2.12. After fibre transmission, the
composite signal was converted to 60GHz by the PD in the RRH and radiated out of the

mmWave antenna to the UE where an envelope detector (ED) downconverts the mmWave
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Figure 2.12: The principle and schematic of the mmWave inter- and intra-RAT carrier
aggregation in Het-Net based on optical band mapping [103]

A drawback of this technique is that it is prone to phase noise since an optical source is
required when adding new services. In addition, the architecture will be expensive to
upgrade due to the high cost of optical modulators. In [104], the coexistence of 60GHz
OFDM/ FBMC with legacy LTE service was reported. The mmWave carrier was generated
photonically by OCS and ED was used at UE for downconversion. It was shown in the
experiments that only one subcarrier guardband is sufficient for FBMC to achieve
orthogonality in asynchronous multiband transmission, whereas, OFDM due to its stringent
orthogonality requirement can only achieve orthogonality with about 26 subcarrier
guardband. However, the work reported considers only the effect of asynchronous
transmission on OFDM and FBMC waveforms, whereas, the impact of noise and nonlinear

can be detrimental to the system in the real application.

2.5.2. Photonic-aided Millimetre-wave Generation using Lasers

One of the ways by which mmWave carrier can be photonically generated is to gain-switch a
LD [105]. In order to gain-switch a LD, a high power RF signal is used to drive the laser such
that it produces several harmonics at a repetition frequency of the RF signal, after which an

OBPF is then used to select the desired sidebands that will beat in the PD to generate the
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mmWave carrier. The optical mmWave generation based on a gain-switched LD can be
achieved either by DML or EML configuration. In the DML case, the modulating signal is
combined with high power RF signal before directly modulating the LD, which is externally
injected by a master laser to reduce the phase noise by reducing the linewidth and mitigate
the effect of chirp. Afterwards, a wavelength selective switch (WSS) is used to select the
desired modulated optical signals before optical transmission which will eventually beat in

the PD to generate the mmWave signal [105].
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Figure 2.13: Schematic of optical mmWave generation using gain-switched DFB laser [106]
Figure 2.13 shows the schematic setup to generate an optical mmWave carrier based on a
gain-switched distributed feedback (DFB) in an EML configuration [106]. The output optical
signals after gain-switching the DFB and after the WSS are shown in Figure 2.13 (a) and
Figure 2.13 (b), respectively. Since the frequency spacing of the generated optical comb is
dependent on the frequency of the LO, and the WSS usually have fixed optical frequency,
the RF frontend must be replaced in order to generate mmWave carrier outside the LO
frequency band. While it is possible to generate a widely tunable frequency using the laser
gain-switching technique, the actual implementation will entail replacing the LOs in both CO
and RRH. Further, the complexity of the RRH is increased by employing electrical LO and
therefore, this technique may not be suitable for massive deployment of high-capacity
mmWave small cells for 5G MFH.

PMLLD generates a wide spectrum of equally spaced and phase-locked optical signal at its
output. The free spectral range (FSR) of the generated spectrum is determined by the laser
cavity length at the time of fabrication. One difference between gain-switched laser and
PMLLD is that the FSR of the gain-switched laser is determined by the driving LO while that
of PMLLD is fixed at fabrication. Figure 2.14 shows the schematic of the investigation of
60GHz signals generated using PMLLD [107]. Although, PMLLD can be employed to

generate mmWave carrier, the linewidth of individual comb can be relatively large and
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imperfect phase coherence between two beating optical tones may result in significant

phase noise and moreover, mode partition noise will limit the system performance.
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Figure 2.14: Schematic of 60GHz RoF system based on PMLLD [107]

As an alternative, the beating optical tones for the mmWave carrier can be generated from
different LDs. A significant difference between this technique and the previous two
laser-based mmWave generation schemes is that the optical carriers are not coherent since
they are generated from different optical sources whereas, gain-switched laser and PMLLD
require a suitable amount of phase coherency between the heterodyne optical tones, in
order to avoid phase noise. This implies that the impact of phase noise may be higher when
using independent lasers to generate mmWave carrier compared to other techniques.
However, the phase of the two optical tones can be locked by a phase locked loop (PLL)
[108] or a DSP technique [109] can be employed to mitigate the effect of phase noise.
Alternatively, phase noise can be reduced by employing narrow linewidth lasers such as
external cavity lasers (ECLS).

Figure 2.15 shows different schemes by which mmWave carrier can be generated by
heterodyning two uncorrelated LDs [110]. In scheme A, the two optical tones separated by
the desired mmWave frequency are modulated by the data signal, and the output of the
MZM is shown as an inset in Figure 2.15 (a), similar to OCS modulation. Scheme B and C
are essentially the same apart from the location of the second LD which serves as the LO.
Furthermore, the output of the MZM in schemes A and B is an OSSB. As mentioned
previously, this technique is susceptible to phase noise, therefore an RF self-homodyne
receiver was proposed [110] (see Figure 2.15 (d)) to downconvert the mmWave signal to
baseband, thereby avoiding the need for LO and consequently PLL or DSP to compensate

for phase noise. In [90], it was shown that although ED has limited bandwidth, it exhibits
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better sensitivity compared with RF self-homodyne downconversion, which is not limited in
bandwidth.
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Figure 2.15: Different Schemes to generate mmWave carrier using unlocked LDs [110]
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Figure 2.16: Principle of generation and transmission of 60GHz UWB Signal [111]

Uncorrelated heterodyning of LDs was adopted in [111], to generate 60GHz mmWave
carrier for multiband-OFDM (MB-OFDM) while an ED was employed in the downconversion
of the mmWave signal. Two thermally cooled tunable ECLs were used in the experiment,
having a combined linewidth of ~900 kHz. Figure 2.16 shows the concept of optical
generation of mmWave signhals employing uncorrelated laser heterodyning, where Figure
2.16 (a) and Figure 2.16 (b) represent the spectrum before O/E conversion and electrical

after O/E conversion, respectively. The ultra-wideband (UWB) signal was modulated on one
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sideband of the signal laser (i.e. OSSB). By employing ED for mmWave downconversion,
phase noise is avoided as no LO is required. In addition, sideband-sideband interference
(SSBI), which usually appears close to DC in multicarrier modulation, is avoided.

A key advantage of the uncorrelated laser heterodyning technique is its ability to generate
the widely tunable mmWave frequency. In addition to the simple BS configuration, since LO
for upconversion is optically generated remotely, low-cost optical modulator can be
employed, which further reduces the overall system implementation cost. However, a
common drawback with the photonic realisation of the mmWave carrier using lasers is that

noise intrinsic to the optical source significantly impacts the system performance.

2.5.3. Noise and Nonlinearities in Photonic-aided Millimetre-wave

Signals

Generally, noise and nonlinearities can originate from electrical and optical components in
AROF systems. Moreover, the presence of the mmWave generation stage in the system can
further increase these effects. The optical modulation technique employed in the architecture
also plays an important role and the impact of different optical modulation schemes on the
performance of mmWave ARoF MFH has been studied in [112]. In the generation of
mmWave carrier based on optical heterodyning, transceiver noise such as laser phase noise
and RIN as well as the impact of CD on the optical carriers used to generate mmwWave was
investigated in [89, 113-115]. In [116], it was shown that the spectral purity of the remotely
generated mmWave carrier is dependent on the laser linewidth and the effect of fibre CD.
However, the generated carriers in many cases were not modulated by data signals. In
scenarios where data is modulated on the mmWave carrier, non-spectrally efficient on-off
keying (OOK) [92, 110] or binary phase shift keying (BPSK) [114] was employed in the

investigation.

On the other hand, OFDM has been investigated [117-121], since it is a candidate waveform
for 5G and has been widely deployed in most wireless communication systems. The
relationship between CD and laser phase noise in OFDM based optical fibre transmission
has been reported [122, 123]. Additionally, the effect of RIN on the performance of OFDM
AROF system has been studied extensively [124]. Besides OFDM, FBMC is another
spectrally efficient waveform that has been proposed as a candidate waveform for 5G [125].
Compared to OFDM, FBMC has better control of OOB leakage, due to the frequency-time
(F-T) well-localised prototype function employed for pulse shaping. Furthermore, a cyclic
prefix (CP) longer than the channel delay spread is used in OFDM to mitigate the effect of
multipath delays, but FBMC is robust to multipath delays. Therefore, it is anticipated that
these benefits in FBMC will be exploited in future 5G networks [125]. However, FBMC has
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only recently been reported for mmWave 5G MFH [104, 126]. It is therefore important to
investigate the effects of noise and nonlinearities on the performance of FBMC based
mmWave small cell MFH architectures. The system architecture of the FBMC waveform is
discussed in chapter 3. The impact of noise on the performance of mmWave fibre-wireless
MFH is investigated in detail in chapter 5, while in chapter 6, nonlinear distortion in

multi-service coexistence is investigated in the DL and UL, respectively.

2.6. Summary

In this chapter, several enabling technologies for high-capacity 5G mobile broadband access
have been discussed. With the paradigm shift from state-of-the-art distributed RAN
architecture to centralisation in C-RAN, comes the concept of MFH which is now being
actively researched for 5G. Optical transport based on RoF technology is an attractive option
for next generation MFH since it centralises signal processing, thus making the system easy
to upgrade, manage and enabling multiple operators to share the same infrastructure.
Furthermore, mmWave which is regarded as critical in meeting the target data rate for 5G
has been discussed. Finally, photonic-aided techniques to generate mmWave carrier that
has appeared in the literature have been reviewed in terms of complexity and also the

impact of noise and nonlinearities associated with mmWave RoF transmission.
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3. Design of Millimetre-Wave Fibre-Wireless
Testbed for 5G Mobile Fronthaul

3.1. Introduction

The main focus of this chapter is the design of fibre-wireless testbed to be used in
subsequent chapters to investigate the performance of the mmWave 5G MFH architecture.
The testbed is implemented using industry standard VPI photonics simulation platform. An
end-to-end ARoOF transmission design is performed in VPI, and subsequently, the integration
of the MATLAB signal processor with VPI is discussed. A self-heterodyne detection
technique is proposed to downconvert the mmWave signal generated by heterodyning
remotely delivered optical LO (OLO) and the downlink optical signal. The proposed detection
scheme is then investigated using the MATLAB-VPI co-simulation technique. Finally, the
system architecture of FBMC waveform employed for investigation in subsequent chapters is
discussed.

3.2. The VPI Photonic Design Suite

The VPI photonics design suite (PDS) platform is a simulation tool for an end-to-end design
of optical communication systems [127]. The system modelling is performed in a graphical
user interface known as photonic design environment (PDE), thus, allowing for accelerated
design and analysis of different optical transmission scenarios. The PDE has a rich library of
electrical, optical, E/O and O/E components that can be configured/ characterised to exhibit
performance closely matching commercially-available components [127]. The system
parameters can be flexibly configured to test and analyse the performance of existing
technology or to propose a completely new system design. Moreover, it offers the possibility
to explore different transmission scenarios, which may be challenging in practice due to
hardware limitations. In addition, component nonlinearities and transmission impairments
(e.g. CD) can be investigated independently and its effects analysed for various transmission
scenarios.

Figure 3.1 (a)-(b) show the output power and linewidth of a DFB laser as a function of bias
current, characterised in VPI. The laser is a datasheet model, similar in configuration to
commercially available high power multi-quantum well DFB laser. It can be seen from Figure
3.1 (a) that the laser threshold current is about 30mA and the maximum output power of the
laser is 13mW at 100mA bias current. Similarly, Figure 3.1 (b) shows the laser linewidth as a
function of bias current, and it can be seen that the linewidth is ~1MHz at 100mA bias.
Therefore, the DFB laser must be biased well above its threshold current in order to obtain

optimum output power and low linewidth.
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Figure 3.2: Bias current vs Laser RIN
In the same way, Figure 3.2 shows the simulation of the DFB laser RIN in terms of bias
current. The RIN peaks at the laser relaxation oscillation frequency which is around 3GHz
and it reduced from -134dB/Hz to -148dB/Hz when the laser bias current is increased from
50mA to 100mA. It is therefore important to set the appropriate laser bias as high RIN value
will limit the dynamic range of the system [128]. In addition, it is necessary in the design of
fibre-wireless 5G MFH systems to consider lasers with low intrinsic RIN in order to reduce its
effect on the system performance. The impact of laser intrinsic RIN is investigated

extensively in chapter 5.
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3.2.1. Simulation of ARoF in VPI

A simple RoF transmission scheme is designed in VPI Transmission Maker® to evaluate the
effect of fibre CD on the system performance. OFDM signal having a bandwidth of 500MHz
is generated in VPI using the inbuilt OFDM transceiver coder. Figure 3.3 shows the OFDM
transceiver designed using inbuilt functionalities in VPI. The transmitter (see Figure 3.3 (a))
comprises of the random bit generator, OFDM coder, a square root raised cosine (SRRC)
pulse shaping filter with roll-off factor of 0.2, and RF upconversion. The random bit is fed into
the OFDM coder, where QAM, IFFT, CP insertion is done. The real and imaginary output of
OFDM coder is connected to two SRRC pulse shaping filters, after which the baseband
OFDM signal is upconverted to RF by an electrical LO. The reverse of the OFDM transmitter
process is done in the receiver (see Figure 3.3(b)).
OFDM Transmitter

(@) OFDM coding Pulse shaping RF up-conversion
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Figure 3.3: OFDM Transceiver Design in VPI (a) Transmitter (b) Receiver
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Figure 3.4: ARoF Simulation Schematic
Figure 3.4 shows the ARoF simulation set up in VPI. A 1550nm DFB laser was modulated by
the OFDM signal in the DE-MZM biased at QP and the resulting ODSB signal was
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transmitted over 25km, 50km and 100km standard single mode fibre (SSMF), respectively.
The parameters used in the simulation are listed in Table 3-1.

Table 3-1: Simulation Parameters

Parameter Value Parameter Value
Signal Bandwidth 500MHz Laser Linewidth 10MHz
CP 4 Laser RIN ~-150dB/Hz
IFFT/FFT 64 Laser Power 10dBm
Modulation 16QAM MZM Insertion Loss 5dB
LO Frequency 2GHz MZM Extinction Ratio | 35dB
Thermal Noise 10x10-12A/H1/2 Fibre Length 0 — 100km
RRC Filter Roll-off 0.2 Fibre Dispersion 17ps/(nm.km)
Data Rate 2Gbps Fiber Attenuation 0.2dB/km
PD Responsivity 1AW EDFA Noise Figure 5dB
Okm ‘ 25km
@ . | . (o )
50km ‘100km |
» @ © 0 - » L] o L 2
. . . . . . . .
. 5 . . . ’ . .

Figure 3.5: Received constellation at (a) Okm (b) 25km (c) 50km (d) 100km
Figure 3.5 shows the received constellation for Okm, 25km, 50km and 100km with
corresponding EVM of 0.5%, 0.6%, 0.8% and 1.5%, respectively. The increase in EVM can
be attributed mainly to increased accumulation of fibre CD.
In order to investigate other 5G candidate waveforms such as FBMC for fibre-wireless MFH,
using VPI simulation platform. The waveforms can be programmed offline using DSP tools
such as MATLAB and imported into VPI to simulate optical transmission. This scheme,

referred to as co-simulation technique is discussed next.
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3.2.2. MATLAB-VPI co-simulation Technique

The PDS can interface with third-party software packages such as MATLAB in co-simulation
as shown in Figure 3.6. In co-simulation with MATLAB, special libraries known as libeng and
libmx allow VPI access to all the functionalities in MATLAB via the cosiminterface. This
implies that custom or standard based components can be designed in MATLAB and
implemented in the target environment which is the PDE in this case. For instance,
baseband transmitter can be modelled in MATLAB as shown in Figure 3.6 while the
transmission channel is implemented in PDE, after which the data is passed onto MATLAB
to implement the baseband receiver. Therefore, throughout this thesis, the MATLAB-VPI
co-simulation scheme is used to design, implement, test and optimise the performance of
integrated fibre-wireless systems for 5G MFH.

Transmitter (D'g'tal =l Proce_ssmgw Receiver
Baseband Transceiver %

-
.g. MATLAB
k (eg ) J Optical
------- Electrical
v . . .

MATLAB /VPI VPI Photonic Design Environment MATLAB /VPI
COSIM MODULE COSIM MODULE
'+ R @ Y 'T
i DAC :--- RF t----| EIO OIE |---- 1 RF :----1 ADC |

Figure 3.6: MATLAB VPI co-simulation Structure
3.3. Self-Heterodyne Technique for Millimetre-wave Signal

Downconversion

In this section, an alternative receiver technique is employed to downconvert the mmwWave
signal generated using laser heterodyning. At the UE, the mmWave carrier is extracted by a
narrowband filter and used as input to the LO port of a mixer. For simplicity, this technique is
referred to as the receiver carrier self-heterodyne (RC-SH). This receiver can be applied in a
scenario where the ED has limited IF bandwidth compared to the received mmWave signal.
Therefore, the system performance using the RC-SH is investigated for UWB mmWave
signal. In addition, offset QAM-OFDM (OQAM-OFDM) waveform which is commonly referred
to as FBMC is employed as the UWB signal. The proposed distributed RoF mmWave 5G
RAN architecture is shown in Figure 3.7. Several RRHs are connected to a common CO via
optical fibres and a passive splitter. Complete layer-1 and 2 processing are performed by the
CO and only O/E, E/O, electrical filtering and amplification is required at the RRH, before the

wireless signal is transmitted to the UE. This simplifies the operation of the RRH allowing for
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densely populated BSs and increased overall radio capacity. As shown in Figure 3.7, UNB
OQAM-OFDM signalling was employed in order to achieve a minimum of 10Gbps data rate
per each RRH. The UWB OQAM-OFDM signal is generated at the CO using DSP; the
output of which modulates an optical carrier. In order to avoid transmitting high RF
frequencies on the fibre, since they are susceptible to fibre impairments, the signal was
digitally upconverted to an IF frequency before it is fed to the E/O converter. To generate the
28GHz carrier needed for the downstream transmission, another CW laser source (ALo)
which is exactly 28GHz apart is coupled with the transmitted signal (Ao.), as seen in Figure
3.7 from the output of the optical coupler (OC). The carrier beating at the O/E converter of
the RRH will generate the desired 28GHz carrier that can then be transmitted in the air. The
BPF selects the desired frequency and feeds the antenna via the high power amplifier (HPA)
and duplexer for bidirectional transmission. It is worth highlighting that the 28GHz was
considered instead of the widely investigated 60GHz [80] because higher distances can be

achieved even in non-line-of-sight (NLOS) transmission [68].
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Figure 3.7: Proposed network architecture

A notable feature of the proposed architecture is the RC-SH technigue employed in the UE.
The received mmWave signal was split by a power divider after the duplexer, as shown in
Figure 3.7. The mmWave carrier was then extracted by a narrowband BPF since the
received signal has the carrier component embedded and used as an LO for
downconversion. The mixer outputs a 2.6GHz IF signal which after low pass filtering was
passed to DSP. Thus, high-frequency LO is avoided at the UE when the RC-SH technique
was employed. In addition, stringent frequency synchronisation is not required which further
relaxes the transceiver architecture.

For uplink transmission from UE to the CO the architecture assumes frequency division
duplex approach in which mmWave and cellular sub-6GHz are paired instead of frequencies
from the same band as it is currently deployed in cellular networks. It is obvious that the
upstream transmission will have significantly smaller bandwidth compared to downstream.
However, this is justified from the fact that the upstream data rates are considerably smaller
compared to its downstream counterpart. Using microwave frequencies in upstream

significantly simplifies the design of UEs and RRHs as well as the upstream RoF

32



transmission. The standard RF cellular front end of UEs is used to send the signal to RRH.
At the RRH, the cost-effective DML can be used for E/O conversion due to smaller
bandwidths and frequencies compared to downstream. Otherwise, a 28GHz LO will need to
be generated instead which will increase the complexity of RRH. Therefore, as
demonstrated in Figure 3.7, the received uplink signal modulates a laser at Au. that is
transmitted back to the CO. In order to distinguish between individual remote antennas, each
RRH can be assigned a different wavelength in which case WDM multiplexer would be
required at either a distribution point or at the CO. Alternatively, RoF subcarrier multiplexing
(SCM) on a single wavelength [80] can be applied by electrically shifting received uplink
signal in frequency before modulating a laser. Finally, at the CO, an optical circulator splits
the uplink signal which is then fed into an O/E component. RF downconversion, amplification
and filtering are performed by the cellular RF frontend before it is passed onto the DSP for

baseband processing.

3.3.1. System Model and Performance Analysis

The downstream transmission of the proposed architecture using industry standard VPI and
MATLAB is investigated. The complete system model for downstream is shown in Figure
3.8.
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Figure 3.8: Simulation setup of the proposed architecture
The OQAM-OFDM waveform [129] was generated at the CO using MATLAB. The 1024-IFFT
size is assumed. Since the signal is upconverted to IF digitally, the real-valued symbols for
the laser modulation were obtained by using the Hermitian symmetry (HS) property of the
IFFT [130]. Therefore, out of 1024 IFFT inputs, the first 73 and last 71 subcarriers are set to
zero while 230 subcarriers between subcarrier numbers 74-314 are modulated with OQAM
symbols taken from the 16QAM constellation. In addition, 1 pilot subcarrier is inserted after
every 23 data subcarriers for equalisation purposes and the rest of 398 subcarriers are filled

with zero. Complex conjugates of the OQAM symbols are mapped onto subcarriers 713-953
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to realise HS. Setting the first 73 subcarriers to zero ensures that the signal is digitally
shifted from baseband to the IF in order to avoid subcarrier beating noise at the output of the
PD that normally falls into the baseband and degrades the SNR. After pulse shaping filtering
[129] and parallel-to-serial (P/S) conversion the resulted OQAM-OFDM signal is split and fed
to the two 12GS/s 10 bits DACs. As shown in Figure 3.8, the Hilbert transform (HT) of the
OQAM-OFDM signal is applied to one of the DACs in VPI in order to eliminate one of the
electrical sidebands. This will allow for OSSB transmission reducing the overall effect of the
fibre CD. The HT is implemented via DSP thus avoiding the need for high bandwidth analog
electrical phase shifter. The bandwidth of the OQAM-OFDM signal after the DAC is
2.695GHz centred at 2.26GHz. Using symbols from the 16QAM constellation this
corresponds to 10.78Gbps data rate.

As shown in Figure 3.8, implemented in VPI Transmission Maker®, the outputs of each DAC
were used to drive a DE-MZM which is biased at the quadrature point. The laser centre
emission wavelength is set to 1552.524nm. The output of the DE-MZM is combined with the
LO laser at 1552.749nm via a 3dB OC. The optical wavelength difference between the two
lasers corresponds to 28GHz in frequency, as shown in Figure 3.8(inset (a)), which is
required for optical remote heterodyne in order to generate a carrier for wireless mmWave
transmission. The signal is fed over various fibre lengths to the RRH.

At the RRH, the two wavelengths beat at the PD and generate required 28GHz electrical
carrier which is modulated with the transmitted data. This is then filtered, amplified and fed to
the antenna for wireless transmission. Inset (b) of Figure 3.8 shows clearly the 28 GHz
carrier and data shifted by IF from the carrier. Once the signal is received by the UE
antenna, the RC-SH, as discussed in the previous section, separates the carrier using the
BPF and demodulates the data. The received spectrum is shown as inset (c) in Figure 3.8
demonstrating clearly that the signal is at the correct IF frequency and bandwidth. This is
then applied to MATLAB which implements the synchronisation algorithm in order to find the
start of the frame, reverses the filtering and after selecting the desired subcarriers, from
74-314 since the others are complex conjugate, it applies a zero-forcing (ZF) equaliser on
each data subcarrier in order to equalise the received signal. The coefficients for the ZF
equaliser are obtained from the pilot tones. After the OQAM demodulation, the bit error
(BER) rate is calculated.

The input power at the DE-MZM is an important parameter to consider in optimising the
transmission with respect to the SNR and component nonlinearities. In addition, as optical
remote heterodyne involves beating of the two optical carriers, the laser linewidths can affect
the system overall performance. Therefore, the IF drive power at the DE-MZM versus BER
for various laser linewidths of both ML and the LO was initially plotted for BTB transmission.

This is considered necessary in order to establish an optimum electrical power to be applied
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at the DE-MZM arms. The obtained result is shown in Figure 3.9. The optical received power
was fixed at +1dBm and both lasers output powers were set to +10dBm. As it can be seen
from Figure 3.9, for all combination of laser linewidths the typical ‘bathtub’ response is
obtained with respect to various drive powers. At power levels below +14dBm, the system is
affected by noise while at powers above this value the nonlinearities introduce unwanted
distortions. Therefore, +14dBm can be considered as an optimum power that is used for
further analysis. The BER of 10 was assumed as error-free transmission since it represents

the limit for forward error correction (FEC) algorithms.
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It can be observed from Figure 3.9 that the best performance is obtained when both ML and
LO linewidth is 100kHz. However, the results also demonstrate that the BER of 10 can be
achieved if any of the lasers have much wider linewidth compared to the other. As can be
seen, if either of the lasers has a 10MHz linewidth the desired performance targets are still
met. The wider laser linewidths allow for improved transceiver design in terms of the
cost-effectiveness. Therefore, cheaper OLO lasers for photonic upconversion can be used at
RRHSs potentially improving the performance as the LO would not need to be transmitted on
the fibre.

In addition to the above, the BER at UE was then evaluated with respect to the received
optical power at the PD. The obtained results are displayed in Figure 3.10. Both ML and LO
laser linewidths were set to 100 kHz and the wireless transmission distance of 2 meters was
considered. As can be seen in Figure 3.10, the 10.78Gbps error-free transmission was

achieved for all fibre distances. There is however a 1dB power penalty between 20km and
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40km because of the fibre CD that affects the wideband transmission. Although not shown,
in order to validate this conclusion the BER was evaluated with the fibre CD disabled. The
obtained results showed no significant penalty. Therefore, it was concluded that the CD,
even for IF frequencies with UWB, can have an effect on the overall performance of the
proposed architecture. Finally, the received constellation diagrams plotted after the ZF
equaliser for the optical received power of -7dBm and 40km fibre show clear
160QAM-OFDM constellation points.
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Figure 3.10: BER vs Received Power at PD for BTB, 20km and 40km Fibre

3.4. Filter Bank Multicarrier Systems Architecture

FBMC has recently received significant attention as an alternative modulation technique for
the next generation broadband wireless technology [131-135]. Although, OFDM has been
adopted and widely deployed in many of today’s broadband wireless standards. However,
the main drawback in OFDM is that it exhibits significant OOB spectral leakage [134].
Consequently, to avoid OOB interference when OFDM is employed in multi-access
non-contiguous frequency bands, frequency bandgap is introduced between adjacent bands
which results in a loss in SE [134]. In addition, a redundant cyclic prefix (CP) is required in
OFDM to combat intersymbol interference (ISI) due to channel propagation delays. The
basic idea of FBMC is to apply well-localised pulse-shape filters at the subcarrier level to
reduce the sidelobes [136], thus, improving the SE. The concept of FBMC was initially
proposed in 1967 by Saltzberg [137], showing that baud-rate frequency spacing between
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adjacent subcarrier channels can be achieved in a multichannel QAM system, and the
information is still recovered free of I1SI and intercarrier interference (ICI). To achieve this, a
properly designed transmit pulse-shape is required and a half symbol delay between the in-
phase and quadrature components of the subcarrier symbols. The half symbol delay is
referred to as OQAM and it is the basis of the Staggered Multi-Tone (SMT) variant of FBMC
[138, 139].

In terms of filter banks, the IFFT and FFT can be considered as set of filters that modulate
each subcarrier in a multicarrier system. The first filter is referred to as the prototype filter,
which corresponds to the zero-frequency filter, from which other filters are derived via
frequency shift. These set of filters constitutes transmit pulse-shape which invariably
determines the spectrum of each modulated subcarrier. The IFFT/FFT filters used in OFDM
have Sinc-shaped frequency response and exhibits high sidelobes. On the other hand, these
high OOB ripples are reduced in FBMC by well-designed pulse shape filters with much
stepper roll-off and higher stopband attenuation. The Mirabassi-Martin filter [140] is a special
linear-phase finite impulse response (FIR) prototype filter having up to eight coefficients. The
FIR filters have stopband attenuation exceeding 40dB for coefficients higher than 4 [140].
This prototype filter was later adopted for FBMC in the PHYDYAS project [136], and the
coefficients (listed in Table 3-2) suggested that K be set to 3 or higher for good OOB
attenuation. Moreover, setting K = 4 achieves an OOB attenuation of about 40dB which is
sufficient to significantly reduce OOB interference to adjacent channels [138]. Note that the
factor K = 1 corresponds to the FFT filters employed in CP-OFDM.

FBMC is essentially a variant of OFDM with some of the baseband transceiver processing
blocks such as the insert/remove CP blocks in OFDM transceiver replaced by the polyphase
filtering blocks in the synthesis/analysis filter bank (SFB/AFB) (see Figure 3.11). The SFB
includes the IFFT, polyphase network (PPN) filtering implementation and P/S conversion,
while the AFB is a reverse of the SFB

Table 3-2: List of frequency coefficients for half Nyquist filter

K Ho H, Ha H3
1 - - -
2 1 V2/2 - -
3 1 ]0.911438 | 0.411438 -
4 1 0.971960 | +/2/2 | 0.235147

In addition, to fulfil the condition stated by Saltzberg [137], OQAM Pre-/Post-processing

block is required before/after the SFB/AFB in the transmitter and receiver, respectively. In
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the OQAM Pre-processing block, complex-valued QAM symbols are converted into
real-valued symbols by separating the real and the imaginary parts of the QAM symbols.
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Figure 3.11: (a) FBMC baseband transceiver (b) OFDM baseband transceiver
The OQAM symbol mapping can be described in terms of its projection onto the F-T plane
referred to as lattice as shown in Figure 3.12. The real and imaginary parts are separated by
half symbol period. In terms of system lattice density, FBMC has twice system lattice density
as it transmits only real-valued symbols and the SE can be compared to CP-OFDM without
CP.
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Figure 3.12: Frequency Time phase space lattice of the FBMC system
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The real and the imaginary are both upsampled by a factor of 2 as illustrated in Figure 3.13
(a), and a half symbol period( TZ—" , Tp Is the complex QAM symbol period) offset is applied to
imaginary part for even subcarrier index while for the odd subcarrier index, the TZ—" offset is
applied to the real part. Next is the multiplication with a phase term 6,,,,, = j™*" to introduce
a phase shift of % on adjacent symbols where subscript k and n represents the subcarrier

index and time index, respectively. It should be noted that n = 27, for OQAM symbols since

the real-valued and imaginary-valued symbols alternate on adjacent subchan annel.

OQAM Post-processing
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Figure 3.13: (a) OQAM-Pre-processing and SFB (b) AFB and OQAM Post-processing
The OQAM symbols are fed into the SFB where IFFT, polyphase filtering with PPN and P/S
is performed successively before transmitting over the channel. The orthogonality condition
is greatly relaxed by transmitting OQAM symbols. This, however, can only be achieved in
the real-field by well-localised prototype function. The frequency response of the PHYDYAS
prototype filter can be expressed as [136]:

W) - Kz‘:l Hksin(n(f—%)MK)

3.1
k==(k-1) MK sin (n (f—%)) Gy

The length of the prototype filter is MK, where M is the FFT size of the multicarrier symbols
(assuming all FFT outputs are considered), and K is the overlapping factor, which denotes
the number of multicarrier symbols that overlap the filter impulse response in the time
domain. The filter roll-off is set to 1 such that the maximum OOB attenuation of a subchannel
filter is achieved at the centre of adjacent subchannel filter, thus, higher overlapping factor K
improves the OOB attenuation of the prototype filter. The impulse response of the prototype

filter is obtained by taking the IFFT of its frequency response, and it can be expressed as:
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kt

-1
h(t) =142 kZl Hj, cos (2nﬁ> (3.2)

The filter bank is obtained basically by shifting the prototype function in frequency, as in the
case of FFT. For instance, the filter with index k is obtained by multiplying the prototype filter
coefficients by e/27%i/M The PPN is an efficient technique to reduce the computational
complexity of the filtering process so that the FFT size can be maintained. At the receiver,
the PPN is applied prior to the FFT and subsequently the reconstructed signal is fed into the
OQAM Post-processing block as illustrated in Figure 3.13 (b). The OQAM Post-processing is
essentially the reverse of the OQAM Pre-processing, while the remainder of the receiver
processing block is similar to the OFDM receiver block.

Figure 3.14 shows the magnitude response for the prototype filter for K = 1: 4. Obviously,
the OOB attenuation of the prototype filter is increased for higher overlapping factor K, thus
increasing the frequency selectivity of the filter. Observe from Figure 3.14 that the magnitude
of the first OOB ripple for K = 4, (normalised to 0dB) is -40dB. On the other hand, the first
OOB ripple for K = 1 has a magnitude -13dB, which is due to the Sinc-shaped prototype
function employed in CP-OFDM [141].
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Figure 3.14: Magnitude response of the prototype filter for K =1:4
The baseband transmitted FBMC signal can be expressed as:

1

2

-1

M-
s(t) = Amn9mn ()
m=0 0 (3-3)

S
I

. T,
Ima(®) = gt —nT/2)e/ MWz er2mmiot
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where a,, ,, represents the real-valued symbol transmitted on mth subcarrier and nth FBMC
symbol. The pulse shape function g,,,(t) is a time and frequency shifted version of the
prototype function g(t). The subcarrier bandwidth f, = 1/T, where T = 2z, is the FBMC
symbol duration. 6,,, = ¢/™*™ = 1,j,1,j,... for k even and j,1,j, 1, ... for k odd in order to
ensure orthogonality. Assuming a distortion free channel, perfect (neglecting the background
noise generated due to near perfect filter bank design) reconstruction can be achieved due

to real orthogonality condition:

9%Kgm,nLgp,q)} = m{f gm,n(t)g;,q (t)dt} = 6m,p8n,q' (3.4)

where 8, = 1if k =p and 6, = 0ifk # p. Hence, (9)mipn+q = —J{Imipn+q|mn) » Where
(g)m+p n+q IS the ambiguity function of g(¢) [142]. This implies that even in the absence of
distortion and synchronisation errors, there will be some ISI and/or ICI at the output of the
AFB [142]. This intrinsic interference is purely imaginary and it has a real value
corresponding to the ambiguity function of g(t) [142]. Furthermore, in a transmission over a
realistic channel, such as optical fibre, the signal is filtered by the channel impulse
response h(t, t). Also, noise is added to the system which could be generated by the E/O
and O/E components along the transmission link. The impulse response of the optical
channel is basically due to fibre CD. Thus, the received FBMC signal after the channel can
be expressed as a convolution of the transmitted FBMC signal and the channel impulse
response, and it can be written as follows:

r(t) = (h® s)(t) +n(t) (3.5)

where & denotes the convolution operator and n(t) represents the combined noise in the
link. Equation (3.5) can be further expressed for the received signal at F-T points (m,n) as
[142]:

A
T (£) = j Imn” OO = Ddr} + 1)
0
-1 A (3.6)
Amn f h(t, 1) gm,n(t —-1)dt
0

M-1

2

m=0 0

S
Il

For a prototype filter L, of length > 1, the channel can be assumed to be a flat fading
channel at each subchannel, which implies that 1/L, < B., where B, ~1/(2A) is the

channel coherence bandwidth and A is the maximum delay spread of the channel, which is

typically small for optical fibre. Based on these assumptions, the prototype function will have
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low variation in the time interval [0,A]. Consequently, g(t —nty — 1) = g(t — nt,) for 7 €

[0,A]. Hence, (3.6) can be expressed as:

M-1N-1

A
Bun® = DY Grana(®) | Rt e (0 (3.7)

m=0 n=0

After, demodulation, (3.7) can be written as:

Tmn () = hm,nam,n + z hm,+p,n+qam+p,n+q<gm,n’ gm+p,n+q) + n(t) (3_8)
(®.9)#(0,0)

Since the channel is slowly varying, and considering that the prototype function is well
localised in F-T, it can be assumed that in the first order neighbours of the received block
(m+p,n+q)pq) € Qy;that:

hm+p,n+q ~ hm,n (3.9)

Hence, the following equality holds (gmnIm+pn+q) = 0, (@, @) € Qq,1, Which means that only
the first order neighbour is significantly affected by imaginary interference (IMI). The index of
these blocks can be defined as Q; 1) = 1,1y — (0,0), and (3.9) can be written as:

Tmn (t) = hm,nam,n +j Z hm+p,n+qam+p,n+q(gm,ngm+p,n+q> + ﬂ(t)

= (3.10)

IMI

This IMI must be taken into account when estimating the channel response in order to
sufficiently mitigate the channel effects [142, 143]. Thus, a different approach to CE that
considers the IMI is required as the conventional CE methods used in CP-OFDM cannot be
applied directly in FBMC. In the next section, some preamble-based CE methods that have
been proposed in the literature for FBMC are reviewed.

3.4.1. Channel Estimation in FBMC

Typically, a sequence of reference signals referred to as pilots, known to the receiver are
embedded in the transmitted signal, which is then extracted at the receiver and used to
estimate the channel frequency response (CFR). It is possible to estimate the CFR at the
receiver based on the received data by employing some complex algorithm to perform blind
CE. With that, no prior knowledge of the channel characteristics is required, and the
redundancy of pilots is eliminated, however, the complexity of the receiver is increased.

Several preamble-based CE schemes for FBMC that have appeared in the literature have

been reviewed in [143]. While some of these techniques aim at exploiting the intrinsic
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interference to improve the estimation performance, others aim at cancelling/avoiding the
effect in the CE process. The pair of pilots (POP) and interference approximation (IAM) are
common examples of preamble structure used in FBMC [143].

POP IAMR IAMC
10 0 10 0 10
-1 0 0 10 0 /O
10 0-10 0-10
-1 0 0-10 0-/ 0
10 Data 0 10 Data 0 10 Data
-1 0 010 0,0
10 0-10 0-10
-1 0 0-10 0-/ 0

(a) (b) (c)
Figure 3.15: Preamble Structures for FBMC (a) POP (b) IAMR (c) IAMC
3.4.1.1. Channel Estimation using Pairs of Pilots

The POP aims at estimating the CFR from two symbols, where n, = (—1)¢ for d =
1,2,...M —1 and n, is all zero as can be seen (Figure 3.15 (a)). An advantage of the POP
estimation method is its simplicity. Moreover, it does not explicitly depend on the type of
prototype function employed for the filter bank. However, noise is not considered in its
derivation, thus, the performance can become unpredictable in the presence of noise.

3.4.1.2. Channel Estimation using Interference Approximation

Interference approximation estimation method (IAM) exploits the IMI from neighbouring F-T
points to construct complex pilots which are used to estimate the complex CFR. To this
extent, it requires that all input symbols in the neighbourhood of (-),,,, be known in order to
sufficiently compute an approximation of this interference. Compared to OFDM, 1.5 complex
symbols are required for training. Hence, a simple preamble arrangement that seems to
reach this goal is to place zeros in time instants n, and n, and 1,1,-1,-1,...,1,1,—1,-1 in
ny, forxy, .,k =0,1,...,M — 1. This is referred to as IAM-Real (IAMR), since the real symbols
are placed in the middle time instant of the preamble as shown in Figure 3.15 (b). The IAMR
preamble structure can be modified slightly, by multiplying the even indexed subcarriers
with j (see Figure 3.15 (c)). This is referred to as IAM-Complex (IAMC) to distinguish it from
IAMR. An alternative approach that aims at cancelling the IMI which, aside from placing
zeros in the first and third symbol of IAMR, zeros are transmitted at all even- (odd-) indexed
subcarriers [144]. In that way, the CFR can be obtained for even- (odd-) indexed subcarriers,
while the rest of the channel is estimated via interpolation. Although, this implies an
additional computation in the CE process to perform interpolation, nevertheless, the slightly
increased computation could be justified by the degree of CE accuracy [144]. The

interference cancellation preamble structure can be extended to accommodate even and
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odd index subcarriers by inserting extra preamble symbols. Note that the resulting preamble
is basically IAMR with the pilots for odd and even index subcarriers on different symbols
[143]. In that way, it ensures zero is placed around all F-T points of the pilots to cancel the
IMI for first-order neighbourhood of the F-T points. However, this is achieved at the expense
of increased preamble overhead [143]. Next, the performance of POP, IAMR and IAMC
preamble is investigated by simulation in MATLAB considering an additive white Gaussian
noise (AWGN) channel.

3.4.1.3. Performance Evaluation of Preamble-based Channel Estimation
for FBMC

A Monte Carlo simulation was carried out in MATLAB to evaluate the performance of the
POP, IAMR and IAMC preamble methods. FBMC waveform was programmed in MATLAB
following the transceiver structure depicted in Figure 3.11 (a). The FBMC in each case has
1024 FFT and 1000 OQAM symbols taking from 4QAM alphabet. The PHYDYAS prototype
filter has been adopted in the simulation with overlapping factor K = 4, such that MK — 1 =
4095. One preamble symbol as presented in Figure 3.15 was appended to the FBMC frame
before transmission. An AWGN channel was assumed for the simulation and a single-tap ZF
equalisation was performed in the receiver with the obtained CE estimates.

Figure 3.16 shows the BER performance of FBMC when POP, IAMR and IAMC preamble
methods were used for CE. BER is high at low SNR values for the three preamble-based CE
methods considered. The IAMR preamble outperforms both POP and IAMC preambles as
SNR values increased. Also, POP preamble exhibits better performance compared to the
IAMC preamble. Note that channel time dispersion is not considered in the simulation, of
course, the CE performance will be different. Due to its superior performance over other
preamble structures for CE, the IAMR preamble method will be used in subsequent FBMC

experiments.
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Figure 3.16: BER of FBMC for different preamble-based CE methods

3.4.2. Peak to Average Power Ratio in FBMC

Despite the advantages, FBMC as a multicarrier waveform is susceptible to the PAPR [145].
Due to high PAPR, the low OOB spectrum, which is uniquely a merit in FBMC, disappears in
the presence of nonlinearities [146]. Compared to OFDM, FBMC exhibits higher PAPR and
thus, higher sensitivity to nonlinearities [147, 148]. Furthermore, with the preamble method
used in FBMC for CE, PAPR will be significantly increased. For instance, the IAM preamble
proposed in [142], was chosen so as to maximise its power, in order to improve the CE. A
direct consequence is that in practice, high peak amplitude will result in high PAPR and
limits the dynamic range of the PA. In ARoF architecture, lasers, optical modulators, ADC
and PA are the source nonlinearities. In WDM transmission systems, FWM arises in the
optical fibre as a result of the Kerr effect.
The PAPR can be defined as:
2

PAPR = % t e [0,T] (3.11)
where E{-} represents the expectation operator. The cumulative complementary distribution
function (CCDF) is a parameter that can be used to measure the PAPR, and it can be
defined as the probability that PAPR will exceed a given threshold. PAPR reduction
techniques such as clipping, selective mapping (SLM) and partial transmit sequence (PTS)
have been reported by several authors [147, 149, 150]. Clipping is the simplest form of
PAPR reduction, where signal amplitudes above a predetermined threshold are limited to the

amplitude threshold.
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Figure 3.17: Simulated PAPR for FBMC, FBMC with 25% clipping and OFDM

Figure 3.17 shows the simulated CCDF of PAPR for FBMC and OFDM symbols. In order to
reduce the PAPR, a 25% clipping was applied to FBMC waveform. The signals were
implemented with 128 subcarriers. As it can be seen from Figure 3.17, the PAPR of FBMC
without clipping is 2dB higher than OFDM for 102 CCDF. However, by clipping the signal
amplitude of FBMC waveform to 75% of its maximum amplitude, the PAPR is comparable to
OFDM. One demerit of clipping is that it increases both OOB and in-band distortion.
Therefore, the clipping ratio must be selected so as to minimise the OOB and in-band
distortion. Clipping technique is applied throughout this thesis to the FBMC signal to reduce
the effect of PAPR.

3.5. Summary

The industry standard VPI simulation platform used in this thesis to design and implement
novel 5G fibre-wireless transmission schemes has been discussed. The rich library of
optical, electrical and transmission components in VPI has been discussed. As an example,
a datasheet model of DFB laser has been characterised, by sweeping the laser bias current
to determine the laser threshold current, linewidth as well as the relationship between RIN
and bias current. A simulation testbed was implemented to study the effect of fibre CD using
the inbuilt VPI DSP library to generate an OFDM signal. Results show that CD is an
important system performance limiting factor in ARoF.

In addition to the above, the VPI co-simulation technique which allows the integration of
third-party software such MATLAB was discussed. A key advantage of the MATLAB-VPI

co-simulation technique is that it enables complex transceiver design and DSP processes to
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be executed in MATLAB while VPI is used to model the optical transmission channel. For
instance, other 5G candidate waveforms such as FBMC which cannot be modelled using
VPI DSP library can be investigated using the co-simulation technique. To this extent, using
the MATLAB-VPI co-simulation technique, an UWB OQAM-OFDM transmission was
successfully investigated. A unique concept of self-heterodyne detection was employed to
downconvert mmWave signal at the UE. Notably, the self-heterodyne receiver can be
applied in UWB transmission scenarios where for example, the IF bandwidth of commonly
used ED is limited.

FBMC system architecture has been discussed, in comparison with conventional OFDM.
Moreover, the implementation of the PHYDYAS prototype filter applied in FBMC was also
discussed. Due to the IMI at the output of the AFB, conventional CE methods used in OFDM
cannot be applied directly to FBMC. Therefore, several preamble-based CE techniques that
have been proposed in literature were reviewed, and performance evaluation was carried
out via MATLAB simulations on POP, IAMR and IAMC preamble structures, respectively.
The IAMR preamble outperforms the other two preamble structures and hence, IAMR
preamble will be used in FBMC transceiver design for experiments in subsequent chapters.
Finally, the effect of PAPR has been discussed, and the clipping technique was applied to
reduce the PAPR of FBMC.
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4. Millimetre-wave Optical Transceivers for Next

Generation Fibre-Wireless Architectures

4.1. Introduction

In chapter 2, several photonic mmWave generation techniques have been discussed. These
techniques generally rely on heterodyning of optical carriers for the generation of the
mmWave wireless carrier. In this chapter, 5 different mmWave RoF architectures are
investigated. Since the generation of the mmWave carrier is largely dependent on the
transceiver configuration, the effect of upconversion/downconversion is investigated for
these architectures from the perspective of E/O and O/E conversion, respectively.
Furthermore, as a potential candidate technology for 5G, FBMC waveform is considered for
the analysis, and in order to compare their performance, OFDM is also transmitted over
these architectures. Note that OFDM has been investigated in some recent work [111, 151-
153], but it should be highlighted that a study comparing the performance of OFDM and
FBMC in photonically generated mmWave signals has not been done. Therefore, the work
presented in this chapter investigates and compare the performance of the two waveforms
over the 5 mmWave architectures in terms of nonlinearity of the E/O interface and noise at

O/E conversion.

4.2. Millimetre-Wave Upconversion Techniques for
Fibre-Wireless 5G Mobile Fronthaul

In this section, 5 mmWave upconversion techniques are investigated for FBMC and OFDM
respectively. The architectures are numbered #1 to #5 for comparison purposes; taking into
consideration factors such as complexity in terms of mmWave realisation and scalability of
the system. The first two schemes rely on electrical LO for upconversion to mmWave and
downconversion to baseband, respectively. However, they differ only in the frequency of the
signal transmitted over the fibre and the number of stages involved in the upconversion/
downconversion. These upconversion techniques are based on the transmission of RF and
IF signals over fibre, thus, referred to in this study as mmWave RoF and mmWave IFoF
architectures, since the resultant signal after O/E conversion is at the mmWave frequency.
The third and fourth schemes rely on both electrical LO and OCS optical modulation to
realise frequency doubled carrier at O/E conversion. These techniques are similar in that
they both employ two stage optical modulations, to achieve frequency doubling, but the
order of modulation and optical components employed are different. Finally, the fifth

technique is based on heterodyning uncorrelated optical carriers for mmWave upconversion.
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This technique can be seen as all-optical mmWave upconversion as electrical LO is not
involved.

The 28GHz frequency band is considered as the carrier frequency for the evaluation since it
has been proposed as a candidate carrier frequency for 5G [14, 68]. Although the 28GHz is
considered in this work, it should be noted that other candidate mmWave frequencies that
have been highlighted for 5G can be employed.

For the investigation, an end-to-end transmission testbed was implemented using VPI
Transmission Maker®. The waveforms were generated in MATLAB and loaded onto the VPI
platform via the cosiminterface as described in chapter 3. The components used in VPI such
as lasers, MZMs and amplifiers have been characterised and their parameters set to what is
commonly found on the datasheet of commercially available devices. Therefore, the
simulation setup can be used as a basis for an experimental testbed since the platform
presents more flexibility, allowing investigations to be carried out for various transmission
scenarios. The system performance is determined by calculating the error vector magnitude
(EVM) since this is a commonly used figure of merit in a wireless communication system. It
should be noted that some system parameters vary for each transmission scheme, as the
components are different.

4.2.1. Millimetre-wave Upconversion using Electrical Local

Oscillator
The diagram of mmWave RoF architecture and the spectrum at points (a)-(c) is illustrated in
Figure 4.1. The shaded areas in the schematic denote points at which there is upconversion/
downconversion. The data is a baseband IQ signal upconverted to 28GHz by an electrical
LO in the CO prior to E/O conversion.
Assuming the baseband IQ signal has been upconverted to RF in an 1Q mixer. The RF
signal is then split and used to drive the two arms of the DE-MZM in a push-pull

configuration. The signal after splitting can be expressed as:
Vi, (8) =V, €05 (@ppt + ()
(4.2)

Vi, (8) = V€05 (gt + (D)

where Vi represents the amplitude of the RF signal, wgg(t) = 2nfrg is the angular
frequency and ¢gp(t) is the random phase fluctuation of the oscillator. The MZM is

guadrature biased with a DC voltage of Vp¢, where the DC voltage on each arm of the MZM
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is given as Vpc, = Vpc, = Vi /4 and V, represents the switching voltage. Hence, the field at
C1 CZ

the output of the MZM can be expressed as:

Ei(t \Y H+V
12( ){exp [jn rr; () Dcl] +ex

V- (4.2)

E,(©) =

. Vgr,(©) + Vpg,
AR

where E;(t) = Eel®ct*®c® js the electric field of the CW laser signal. E, w. and ¢, are the
field amplitude, the angular frequency of the optical carrier and random phase fluctuation of

the laser, respectively.
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Figure 4.1: Schematic of mmWave RoF (a) Electrical spectrum after upconversion to 28GHz (b)
Optical spectrum after E/O showing OSSB modulation (c) Electrical spectrum after
downconversion to baseband

Equation (4.2) can be further expressed as:

E,(t) = Eiz(t) {cos <T[ —VRF(;)V-I_ VDC)}

( (T[VDC) T[VRF COS(Q)RFt + (I)RF (t)) (43)
) El_(t) J cos 2V, cos 2V, !
= L—sin (HVDC> sin <’ITVRFCOS (wZRFt + q)RF(t))>J

Using Jacobi-Anger expansion [154]:

cos(zcosB) = J,(z) + 2 Z(—l)HIZH(Z) cos(2n0)
n=t (4.4)

sin(zcosf) = —2 Z(—l)“]2n_1(z)cos[(2n —1)0]
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where ], (-) is the Bessel function of the first kind of order n. Equation (4.3) can be written as:

0= B0 2 ()
+2 Z( 1)n]2n ( VRF) cos (anRFt + q)RF(t)))

+ sin< VDC)( Z( DY, - 1( )cos ((Zn (4-5)

— Dwpst + ¢Rp(t>))}

The first and second term in (4.5) represents even harmonics for n = 0,1,2,... and odd
optical harmonics forn = 1,2, ..., respectively. To generate an OSSB modulation for the
RFoF architecture, an additional phase shift of /2 is applied to the RF signal at one arm of
the MZM. Depending on where the phase shift is applied, one of the first odd order
harmonics is suppressed. The upper sideband is suppressed if the phase shift is negative
while the lower sideband is suppressed if the phase shift is positive. A negative phase shift is

applied in this case, and thus, the upper sideband is suppressed. Furthermore, considering

that %= mgrr < 1, where mggpis the modulation index of the RF signal, higher order

sidebands for n > 1 can be ignored since the optical carrier beats only with the first order

sideband. Also, ignoring the bias, (4.5) can be expressed as:

Eat) = 2o {J, (i) + 2], (rmge) cos (et + bre(0)) (4.6)

The OSSB signal shown in the inset (b) of Figure 4.1 is then transmitted over fibre. At the
RRH, the optical carrier beat with the lower first-order sideband signal in the PD to generate
the mmWave signal for wireless transmission. Neglecting the effect of the optical channel,
and assuming a responsivity R = 1, the photocurrent at the output of the PD can be
expressed as:
2 [J§ (mtmgg) + 2J§ (mmgg)] +
I(t) = {|[E,(DI*} = > 2]2 (mtmpgg)cos(2wgpt + (1)) +

4]y (tmgg)]; (tmgg) cos(wgpt + $ (1)) (4.7)

The first two terms in (4.7) are DC and higher frequency components. These terms can be

ignored since they will be experimentally filtered out by BPF before the antenna emits the
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mmWave signal. Also, the phase fluctuation term ¢(t) is due to the phase noise of the
electrical LO and that of the CW laser. Consequently, the third term which is the mmWave
signal is transmitted over a wireless channel to the UE. The transmitted mmWave signhal can

be compactly written as:

I(t) = %mRFcos((oRFt + (D) (4.8)

An 1Q downconversion is performed at the UE using a matching LO, and subsequently
baseband demodulation.

A key benefit of this technique is that the mmWave upconversion/downconversion is straight
forward to implement involving only one stage. Nevertheless, the drawback is that high-
speed optical modulator is employed, which besides the high-frequency LO increases the
system complexity. These components must be replaced if the system configuration
changes. In addition, the mmWave signal transmitted over the fibre is susceptible to RF
power fading due to fibre CD. Moreover, the system is prone to hardware impairments such
as phase noise of the electrical LO which can become worse with fibre CD. Thus, a complex
phase noise cancellation algorithm or PLL may be required [155] in the UE to track the
phase of the transmitter LO, and mitigate the effect of phase noise which obviously
increases the system complexity.

To investigate the performance of the mmWave RFoF scheme, a simulation testbed was
implemented in VPI based on the parameters listed in Table 4-1. In the simulation, OFDM
and FBMC were transmitted over the architecture. The effect of the wireless channel was not
considered in the simulation since it is not critical at mmWave frequencies due to short
distance transmission. Therefore, system performance analysis was based on the impact of
RF drive power at the E/O interface and received optical power at O/E conversion.

Table 4-1: System parameters used in the simulation

Parameter Value Parameter Value
Signal Bandwidth 1GHz Laser Linewidth 1MHz

CP (OFDM)/ K (FBMC) 4/4 Laser RIN ~-160dB/Hz
IFFT/FFT 256 Laser Power 10~16dBm
DAC/ADC Sampling Rate | 4 /96GSa/s MZM Insertion Loss 5dB
DAC/ADC Resolution 14-bits MZM Extinction Ratio 35~50dB
Modulation 16QAM Fibre Length 20km

LO Frequency 28GHz Fibre Dispersion 17ps/(nm.km)
Thermal Noise 10x1012A/HY2 | Fiber Attenuation 0.2dB/km
RRC Filter Roll-off 0.18 EDFA Noise Figure 5dB

Data Rate 4Gbps PD Responsivity 0.68A/W
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FBMC signal was generated at baseband in MATLAB and converted to an analog baseband
signal by 14-bit DAC sampling at 4GS/s. The FFT length was 256 and the overlapping
factor K = 4. Similarly, OFDM was generated with the same parameter and a CP of 1.56%
was used. The small CP sample is reasonable because the channel delay spread is
relatively small for the fibre length used in the simulation. One preamble symbol was
appended at the start of each frame for CE and a single-tap ZF equalisation was applied to
undo the channel effects. IAMR preamble discussed in chapter 3 was used in FBMC while 1
QPSK symbol was used in OFDM. The analog bandwidth of the signal after DAC was 1GHz.
The 1Q baseband signal was upconverted to RF by electrical LO in an 1Q mixer assumed to
be lossless. The 28GHz signal was then amplified by a 20dB low noise amplifier (LNA) and
fed into a 90° hybrid coupler to provide the /2 phase shift required at one arm of the
DE-MZM for OSSB modulation. The output of the hybrid coupler was applied to the two arms
of the DE-MZM. The half-wave voltage of the MZM is 2.5 volts and the electrical bandwidth
is 40GHz. After E/O conversion, the optical signal was amplified by an EDFA, and an optical
attenuator was used to set the input power at the PD to +1dBm.
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Figure 4.2: EVM vs RF drive power for mmWave RFoF using electrical LO (a) OFDM (b) FBMC
Firstly, the impact of RF drive on the system performance was evaluated in an optical
back-to-back (BTB). An electrical attenuator was placed before the hybrid coupler to sweep

the input power into the MZM. Figure 4.2 shows the EVM in terms of RF drive power for
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OFDM and FBMC. It can be seen that the EVM is high at low drive powers and reduced
gradually as the drive power increases. The high EVM value at low power is due to low SNR
at E/O conversion as noise dominates the system. This appears to be more severe in OFDM
compared to FBMC. As it can be seen from Figure 4.2, at -24dBm, the EVM of FBMC is
+6.5dB better than OFDM. However, for RF power higher than -8dBm, the EVM of FBMC
starts to degrade due to the nonlinearity of the E/O interface, as a result of MZM nonlinear
response. The nonlinear effect is more noticeable in FBMC as the EVM increased by more
than 3%, while OFDM exhibits a better tolerance to MZM nonlinearity as the EVM value
increased by ~0.4% at 0dBm drive power. Therefore, to avoid the effect of nonlinearity in
subsequent investigations, the optimum drive was considered to be -8dBm. The received
constellation of OFDM and FBMC at -8dBm RF drive power is shown in Figure 4.2 (a) and
Figure 4.2 (b).

Next, to investigate the impact of O/E conversion on the received EVM, an optical attenuator
was used to sweep the optical power input to the PD at BTB and after 20km, respectively.
The 20km fibre length is considered practical since it corresponds to the installed capacity of
most PONSs deployed in the access network.
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Figure 4.3: EVM vs Received Power for mmWave RFoF using electrical LO (a) OFDM BTB (b)
FBMC BTB (c) OFDM 20km (d) FBMC 20km
Figure 4.3 shows the EVM values of OFDM and FBMC vs received optical power. The

constellations at -9dBm received power are shown in the inset (a)-(d) of Figure 4.3
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corresponding to BTB and 20km, respectively. The high EVM values for low received powers
at BTB and after 20km fibre is mainly due to low SNR at receiver as noise contribution from
laser intrinsic RIN, Amplified spontaneous emission (ASE) noise and thermal noise dominate
the system performance. However, EVM improves as the received power increases. The
EVM error floor can also be observed at around -6dBm for OFDM and FBMC signal at BTB
and 20km, respectively. Moreover, the EVM penalty after 20km is less than 1% for OFDM
and FBMC, respectively. This implies that the effect of CD is not noticeable in the system.
The robustness of the system against fibre CD is enhanced by employing OSSB modulation
at E/O conversion [156]. Of course, the effect will become more noticeable for increased
fibre lengths. Additionally, increasing the mmWave frequency or signal bandwidth will also
increase the impact of CD on the system.

Alternatively, to avoid transmitting high-frequency signal over the fibre, two-stage
upconversion can be employed, where the baseband signal is first upconverted to IF and
transported via optical fibre to the RRH. The mmWave upconversion is then performed in the
RRH by another LO. This transmission technique is similar to the RFoF scheme but differs in
the point where mmWave upconversion is performed. This is technique #2 and it is referred
to as mmWave IFoF architecture since the resulting wireless signal is centred at mmWave,
which is 28GHz in this case. As shown in Figure 4.4, the baseband IQ signal is first
upconverted to IF frequency by an electrical LO before E/O conversion. After fibre
transmission, another LO is used to convert the IF signal to mmWave after O/E conversion.
At the UE, mmWave downconversion is done by an electrical LO centred at the frequency
equal to IF+RF (i.e. 28GHz in the case). An obvious advantage of this scheme compared to
technique #1 is that coupled with OSSB modulation, transmitting IF signals will further
improve the system robustness to CD. Thus, signal bandwidth and transmission distance
can be increased as required. Furthermore, complexity is reduced in the CO as it eliminates
the need for a high bandwidth optical modulator for E/O conversion. Moreover, legacy
services having fixed frequency can be generated in the CO and upconverted to mmWave in
the RRH. However, the complexity has been shifted to the RRH where LO is required for
upconversion to mmWave. In the future 5G heterogeneous access networks, massive
deployment of mmWave small cell BSs is anticipated to increase capacity and improve
coverage in dense urban environments. Hence, antenna units are expected to be compact
and have small form factors such that it can be deployed on street lamp posts, building
facades or indoors in mmWave DAS. Moreover, considering that the upconversion/
downconversion in mmWave IFoF architecture using LO involves multiple stages, the
system may become more susceptible to LO frequency/phase offsets which will further
degrade the system performance. Consequently, besides the already increased complexity

of the UE, DSP algorithms may be required to track the phase noise and mitigate the effects.
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The performance of OFDM and FBMC was considered over the mmWave IFoF architecture.
As previously, the impact of input power at the O/E interface and received power at O/E was
investigated. The system parameters are the same as before and can be seen in Table 4-1.
However, the frequency of mmWave LO in the RRH was set to 26GHz and the IF frequency
was 2GHz. Thus, the mmWave transmission was still at 28GHz.

Figure 4.5 shows the EVM as a function of IF drive power and corresponding constellation
plots at the optimum input power of -6dBm for OFDM and FBMC, respectively. EVM values
for both IF signals are in general similar at low drive powers, but OFDM exhibits 2% better
EVM compared to FBMC at -24dBm. The EVM value was the same for both waveforms
at -18dBm, after which the EVM of FBMC reduced gradually to 2.4% for -6dBm drive power
while EVM of OFDM reduced to 3.7%. For IF drive powers higher than -6dBm, the effect of
MZM nonlinearity becomes noticeable in FBMC as shown previously in Figure 4.2, while
OFDM appears to exhibit resilience to MZM nonlinearity, with EVM increasing by just 0.6%
for 0dBm drive power. The constellation at the optimum drive power of -6dBm for OFDM and
FBMC is shown in Figure 4.5 (a) and Figure 4.5 (b).
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Figure 4.4: mmWave IF-over-Fibre using electrical LO. (a) Optical spectrum after E/O showing
OSSB modulation (b) Electrical spectrum after upconversion to 28GHz (c) Electrical spectrum
after downconversion to baseband

Next, the impact of received optical power at O/E conversion was investigated. The EVM vs
received optical power plot and constellation at -9dBm received power for BTB and after
20km fibre is shown in Figure 4.6 for OFDM and FBMC, respectively. As expected, EVM
was high for both IF signals at low received powers, which then decreased steadily as the
received power increased. This is due to low SNR at O/E conversion where noise influence
is high primarily from laser RIN, ASE noise and thermal noise. EVM reached an error floor

at -7dBm for both IF signals showing no significant improvement as the received power was
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increased up to +1dBm. The EVM penalty after 20km was observed to be less than 1% for
OFDM and FBMC, respectively.

14
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IF Drive Power (dBm)
Figure 4.5: EVM vs IF drive power for mmWave IFoF using electrical LO (a) OFDM (b) FBMC

In practice, the frequency offset may arise due to transmit-receive LO mismatch or Doppler
effect [157]. However, in the scenario presented here, it is assumed that the UE is stationary
and fibre CD is negligible. Thus, LO mismatch is the only likely source of carrier frequency
offset (CFO) in the architecture. This effect leads to loss of orthogonality among adjacent
subcarriers which can result in severe ICI [157, 158]. For instance, the transceiver oscillators
for standard communication systems are specified to have a maximum frequency tolerance
of £20ppm (parts per million). Consequently, for mmWave signal centred at 28GHz, the
subcarrier spacing Af = BW/Ng, where BW is the bandwidth of the signal and N is the total
number of data subcarriers. Thus, the maximum frequency synchronisation error resulting
from LO mismatch can be expressed as:
8f = 40ppm X f. =40 x 107® x 28GHz = 1.12MHz (4.9

The normalised CFO ise = &6f/Af = 1.12MHz/3.90625MHz =~ 0.3 for a 1GHz bandwidth
signal. This is relatively large and can significantly degrade system performance.
Alternatively, the stringent frequency synchronisation in upconversion/downconversion can

be relaxed by employing photonic techniques for the mmWave upconversion. In addition, a
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less complex receiver can be used for downconversion if symbols are not encoded on the
carrier signal phase. Thus, mmWave transceiver can be simply and cost-efficiently
implemented. The design and performance of these photonic transceivers are investigated

next.
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Figure 4.6: EVM vs Received optical power for mmWave IFoF using electrical LO (a) OFDM
BTB (b) FBMC BTB (c) OFDM 20km (d) FBMC 20km

4.2.2. Millimetre-wave Upconversion using MZM

A common method of generating and remotely delivering mmWave carrier to the RRH
photonically is based on cascaded MZMs [128, 159]. Two MZMs are employed in this
technique in which one is used for mmWave carrier generation while the second MZM is
used for E/O conversion. Since the carrier is generated separately, the mmWave frequency
can be changed based on the optical modulation employed at the carrier generation stage.
Additionally, low bandwidth optical modulator can be used if E/O conversion is done before
OCS to reduce the system complexity. Depending on the desired mmWave frequency and
the flexibility requirements in terms of optical carriers for remote mmWave upconversion, the
centre optical carrier can be suppressed, along with even harmonics generated to realise
OCS modulation. In that way, first-order sidebands beat in the PD to generate the desired
mmWave carrier. Thus, the LO frequency used in the mmWave upconversion stage is only

half the desired mmWave carrier. Note that higher order sidebands can be generated at O/E
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conversion as reported in [97, 98, 160-164]. However, these techniques are complex
involving multiple stages of optical filtering, bias and phase shifters. While optical filter
makes the system frequency dependent, bias and phase shifters require precise control,
further increasing system complexity. Therefore, OCS for frequency doubling is a preferred
option to realise the mmWave carrier due to its simplicity.

The diagram of cascaded MZMs transmitting IF signals and remote delivery of mmWave
carrier is depicted in Figure 4.7, where inset (a)-(c) shows the optical spectrum after second

MZM, and the received IF signal after downconversion for OFDM and FBMC, respectively.
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Figure 4.7: mmWave IFoF using cascaded MZMs (a) Optical spectrum after second MZM (b)
The spectrum of IF OFDM after downconversion (c) The spectrum of IF FBMC after
downconversion

For this scheme, the OCS generation is done in the shaded area of the CO as shown in
Figure 4.7, before the E/O conversion. Note that it is possible to perform the E/O prior to
OCS generation, by switching the order of modulation. In that way, E/O conversion will be
part of the mmWave carrier generation. The main advantage of this technique compared to
technique #2 is that CFO and phase noise is not an issue since an ED is used for
downconversion in the UE. The ED is essentially a square law detector and it requires that
the signal is carried on IF. Moreover, since it only detects envelope variation, carrier phase
information is discarded.

The LO signal at the input of the first MZM is as given in (4.1), but the RF frequency wgg is
half the desired mmWave carrier. The DE-MZM is biased at the null point to suppress the
optical carrier and even order sidebands. Recall from (4.5), that the optical signal at the
output of the MZM has both odd and even harmonics. When V¢ = V., the optical carrier
and all even order sidebands are suppressed. Thus, the field at the output of the first MZM

can be expressed as:
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E; =
Emzm, () = %{iz Z(—l)“ Jyn—q (TmMgg)cos ((211 — Dwgrt
n=1 (4.10)

+¢m©ﬂ

The OCS signal is then fed into the second MZM. Consequently, the IF signal is modulated
on all odd order sidebands (see Figure 4.7 (a)). Since the beating in the PD involves only the
first odd order sidebands, the field at the output of the second MZM considering n =1 is
given as:

E —~
Emzm, (V) = E{2]1(1Tm11:)cos ((‘*’c + wgp)t + q)(t)) (4.11)

— 2], (mmyg)cos ((ooC — WRp)t+ cT)(t))} .cos(wpt)

where mr and w;r represents the modulation index and angular frequency of the IF signal,
respectively. The phase term ¢(t) results from the phase fluctuation of the electrical LO and
the laser. Ignoring the effect of fibre CD and considering only the beating between first-order
sidebands, the photodetected signal is expressed as:

I(t) = |EMZM2 ® | ’

R (4.12)
2 cos 2wgrpt + () +

z 2], mm; (cos (wIFt + (T)(t)) + %cos ((ZooRF + wp)t+ EIS(t)))

The first term in (4.12) is the mmWave carrier generated by beating of the first order
sidebands, the second and third term represents a copy of the IF signal at baseband and the
IF signal modulated on the mmWave carrier, respectively. Note that the responsivity R has
been dropped since it is assumed for simplicity to be equal to 1. In practice, terms outside
the frequency of interest can be ignored, since they will be filtered out. Therefore, the

transmitted mmWave signal can be expressed as:

Lmave® = - {(c05(200ge) + c05((2wps — ip)t)
(4.13)

+ cos((2wgr + ‘DIF)t))}
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At the UE, an ED is used to downconvert the mmWave signal to IF before receiver
baseband demodulation. Assuming an ideal ED with sufficient IF bandwidth, the IF signal is
extracted by a lowpass filter (LPF), and it can be written as:

i 4.14
IIF(t) = T COS((DIFt) ( : )
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Figure 4.8: EVM vs IF drive power for mmWave IFoF using cascaded MZMs (a) OFDM (b) FBMC
A simulation testbed was implemented for mmWave |FoF architecture using cascaded
MZMs, representing technique #3 in VPI, to evaluate the transmission performance of FBMC
and OFDM, respectively. A real-valued data was generated in MATLAB having FFT size of
1024, where 128 subcarriers were used for data. The first 192 subcarriers were filled with
zero to digitally shift the time-domain signal to IF. Also, corresponding negative frequencies
were filled with the complex conjugate of the data symbols for HS, to realise a real-valued IF
signal after IFFT. A 16 samples CP was appended to each OFDM symbol. After passing
through a 8GSa/s 10-bits DAC, the IF signal bandwidth was 1GHz, centred at 2GHz which
was then amplified by an amplifier providing 30dB gain. Subsequently, the IF power was
swept between -24dBm and +10dBm using an electrical attenuator in optical BTB, to
investigate the effect of MZM nonlinearity at E/O conversion.

The EVM as a function of IF drive power is shown in Figure 4.8 and the constellation at an

optimum drive of +4dBm are inset in Figure 4.8. As previously, the EVM values are high for
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low drive powers, which was primarily due to low SNR at E/O conversion. Nevertheless,
OFDM exhibits better performance than FBMC at low IF powers. The EVM then decreased
gradually until the IF power reached -16dBm, where the corresponding EVM value was 9.4%
and 9.5% for OFDM and FBMC respectively. EVM values for FBMC reduced steadily up to
+2dBm drive power while OFDM reached an error floor at -8dBm IF drive power. This
suggests that FBMC is more susceptible to noise and will require a high SNR system for
optimal performance. On the other hand, OFDM exhibits better resilience to noise but it does
not benefit from increased drive power. Furthermore, as the IF power increased beyond
+2dBm, the MZM nonlinearity effect comes into play becoming more obvious in FBMC than
in OFDM.
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Figure 4.9: EVM vs Received optical power for mmWave IFoF using cascaded MZMs (a) OFDM
BTB (b) FBMC BTB (c) OFDM 20km (d) FBMC 20km

Although, OFDM and FBMC exhibit the same EVM value at -16dBm drive power, the
optimum IF power was considered to be +2dBm for both signals, since it is the EVM value
for both waveforms just before the MZM nonlinear response starts to the degrade the EVM.
This value was subsequently used to investigate the impact of received optical power on the
IF signals. The EVM as a function received optical power is shown in Figure 4.9. A trend
similar trend to the results for the previously investigated techniques can be observed, with
OFDM reaching an error floor at -10dBm received power while the EVM value for FBMC

reduced gradually until -5dBm before reaching an error floor. The constellation plots are
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shown in inset (a) - (d) of Figure 4.9, which corresponds to -9dBm received power at BTB
and after 20km fibre, respectively. Notice that the EVM values for FBMC are worse at low
received powers even though it was more than 3% better than OFDM at optimum IF power.

In technique #4, the order of modulation is changed as previously stated, thereby having the
modulating signal as part of the mmWave carrier generation. Also, a low-cost direct
modulation is employed at E/O to further drive down the cost of transceivers. Consequently,
low power modulation is necessary to operate the DML to ensure that the transfer function is

in the linear regime and free from distortion due to clipping.
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Figure 4.10: mmWave IFoF using DML and MZM (a) Optical spectrum after the MZM (b) The
spectrum of IF OFDM after downconversion (c) The spectrum of IF FBMC after
downconversion

Figure 4.10 shows the schematic of mmWave IFoF architecture using DML and MZM. The
OCS spectrum after the MZM is shown in inset (a) of Figure 4.10 where the IF signal is
superimposed on all odd sidebands. The DML threshold current was 37mA and was biased
at 100mA which is well above the threshold current. At this bias voltage, the laser RIN and
linewidth is ~-155dB/Hz and ~1MHz, respectively. After passing through the DAC, the signal
was amplified and fed into the laser for direct modulation. As before, the IF power was swept
from -24dBm to -8dBm to evaluate the EVM of OFDM and FBMC, respectively.

The EVM vs IF power for mmWave IFoF using DML and MZM is shown in Figure 4.11.
Interestingly, the EVM values between -24dBm and -12dBm improved by only 2.8% and
3.5% for OFDM and FBMC after which the EVM starts to degrade due to laser clipping. As
previously stated, DML requires a lower modulation index compared to MZM, therefore, the
EVM value at -24dBm is much better than it was for mmWave IFoF using cascaded MZMs.
Likewise, nonlinear distortion sets in at much lower drive powers since DML is typically
driven by a lower power compared to EML. The optimum drive power was found to

be -12dBm, which was used for subsequent investigation.

63



20

—a—OFDM
a b
@ o —=—FBMC
16 POBy * e+ e
N N N ! ® 9 & o
LR B N e ¢ o 0
12
3 SEOF o 0 ¢ 0
=
@

0 A L L
24 20 16 12 8
IF Drive Power (dBm)

Figure 4.11: EVM vs IF drive power for mmWave IFoF using DML and MZM (a) OFDM (b) FBMC
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Figure 4.12 shows the EVM vs received power at BTB and after 20km fibre transmission,
respectively. The constellation at -9dBm received power for OFDM and FBMC are inset in
Figure 4.12 (a)-(d). The EVM values reduce gradually until -9dBm, after which an error floor
was reached for OFDM and FBMC respectively. In addition, the EVM penalty after 20km
was less than 0.5% and 1% for OFDM and FBMC, respectively. In terms of complexity and
cost, employing DML reduces the component cost in the CO. However, DML typically have
low modulation bandwidth which may limit the deployment to low-cost short-reach networks.
Further, since the transmitted signal is a DSB, fibre CD effect will limit the transmission

distance.

4.2.3. Millimetre-wave Upconversion using Laser heterodyning

Technique

To avoid high-frequency LO and optical modulator electrical bandwidth bottleneck,
associated with generating mmWave using frequency multiplication, laser heterodyning
technique has been proposed as a cost-efficient alternative for generating frequency
tuneable mmWave signals [90, 120, 128]. A wide range of mmWave frequency can be
realised, limited only by PD bandwidth. In addition, since high-speed optical modulators and
RF devices are avoided in the CO and RRH, system complexity is significantly reduced.
However, employing unlocked laser sources for mmWave upconversion implies that the
phase fluctuations of the optical carriers are uncorrelated, which in effect will degrade the
system performance [110, 111]. The laser phase noise is usually characterised by its
linewidth, thus a typical DFB laser having 10MHz linewidth will introduce higher phase noise
compared to a 100kHz linewidth ECL. The phase noise effect becomes worse when it
interacts with fibre CD, resulting in amplitude noise which usually falls within the useful
signal bandwidth. This effect was referred to as converted phase noise (CPN) in [165]. While
phase noise is not an issue when the self-nomodyne receiver is employed in downconverting
digital baseband signals upconverted to mmWave using uncorrelated laser heterodyning as
reported in [110], phase noise will severely impact multicarrier waveforms such as OFDM
and FBMC, resulting in ICI. To this extent, the impact of laser phase noise on the mmWave
OFDM signal generated by laser heterodyning has been investigated in [111, 151]. However,
the effect of phase noise on the mmWave signal generated by laser heterodyning has not
been investigated on FBMC to date.

Therefore, the mmWave upconversion by laser heterodyning was implemented in VPI to
investigate the transmission of FBMC over such architecture. An ED was used for mmWave
downconversion since it discards the signal phase information. In order to compare their

performance, OFDM was also transmitted over the architecture. Furthermore, the system
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parameters are the same as in previous schemes to enable a fair comparison among the

mmWave upconversion techniques.
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Figure 4.13: mmWave IFoF using Laser Heterodyning (a) Optical spectrum after the optical
coupler (b) The spectrum of IF OFDM after downconversion (c) The spectrum of IF FBMC after
downconversion

The schematic of mmWave upconversion architecture using unlocked lasers is depicted in
Figure 4.13. The IF signal modulates the DE-MZM generating an OSSB at its output. A 3dB
OC was used to combine the OLO from a TLD with the OSSB signal. The centre frequency
of the OLO was set to 28GHz apart from the ML centre frequency. Inset (a) - (c) of Figure
4.13 shows the downstream optical signal after the coupler, OFDM and FBMC after
downconversion, respectively. At the RRH, the optical carriers beat in the PD to generate the

mmWave signal. The electric field of the lasers can be written as:
EmL(D) = Epicos (OOMLt + (I)ML(t))
(4.15)

ELo(t) = Epocos (OOLOt + ¢L0(t))

where Ey, oML (D), Ero and ¢y (t) are the field amplitude of the ML, phase fluctuation of the
ML, field amplitude of the LO laser and phase fluctuation of the LO laser, respectively.
Assuming an IF signal modulates the laser to realise an OSSB signal after E/O conversion,
which can be expressed as:

Eo(©) = Emn(O[1 +x(V)] (4.16)

where x(t) = cos(wrt), and wr represents the angular frequency of the IF signal. The
OSSB signal is then combined with the optical carrier from the LO laser by an OC.

Neglecting the loss due to the OC, the combined signal can be written as:
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Eoe(® = Ep(O[1 +x(0)] + ELo(D (4.17)

After fibre transmission, the composite signals beat in the PD and the output can be

expressed as:

I(t) = |Eoc(t)|2

(4.18)
_ {(EZML(t) +E?0(D) + 2B (Dx(1) + EZMsz(t)}
+2ELo(DEmL(D) + 2E10 (D Emx(D)

The PD output in (4.18) comprises of the DC terms, a high frequency component, a copy of
the IF signal, second order intermodulation term, the mmWave carrier term and the desired
mmWave signal, respectively. Again, unwanted terms can be ignored since they will be
experimentally filtered out by HPA and a BPF. Thus, the mmWave signal emitted from the

mmWave antenna can be derived from the last two terms in (4.18) and can be written as:

I(t) = 2{Em.(DELo (D) + EmL(DELox(D)}

Evi E
=2 {(% (cos(wpot — wprt + (Pro — dmL)b)

(4.19)
+ cos(wpot + oyt + (Pro + q)ML)t))) [1+ X(t)]}

= ZREMLELO{cos(u)mmt + Ad(t) + cos((oomm + wp)t+ Ad)(t)) }
where wy, = wrot — wyy, IS the desired mmWave carrier. Ad(t) results from the mixing of

the phase noise of the lasers. An ED is used in the UE to downconvert the mmWave signal

to IF. Considering only the term of interest, the output of the ED can be expressed as:

cos(Wmmt — (w_ + o) t+ (Ad(t) — Ad(D))

Igp(® = xEmiELo {+ cos(@mmt + (w_ + o) t+ (Ap®) + Ad(D)

} (4.20)

It can be seen from (4.20) that the IF signal is recovered successfully, free from phase noise

using an ED. After passing through a LPF, the resulting IF signal can be expressed as:

IED(t) = XEMLEL()COS((A)IFt) (421)
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Although phase noise is cancelled at downconversion using an ED, CPN due to fibre CD will
significantly impact the system performance at O/E. In the previously investigated
architectures, the beating terms were assumed to be phase correlated since the optical
carriers were generated from the same laser source. Therefore, for short fibre transmission
and moderate signal bandwidth, the optical tones remained correlated, hence, the CPN
effect was minimised. However, since free-running lasers are employed for mmWave
upconversion in this architecture, the impact of CPN will be more noticeable.

As previously, OFDM and FBMC were transmitted over this architecture to compare their
performance in terms of IF drive power at E/O conversion and received optical power at O/E

conversion.
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Figure 4.14: EVM vs IF drive power for mmWave IFoF using laser heterodyning (a) OFDM (b)
FBMC

Figure 4.14 shows the EVM of OFDM and FBMC as a function of IF drive powers, the trend
can be observed as similar to previous architectures. FBMC exhibit worse performance
compared with OFDM at low drive powers and as the power increased to -8dBm, OFDM
reached an error floor while further EVM improvement was observed for FBMC. The
received constellations at +4dBm are shown as an inset in Figure 4.14 for OFDM and
FBMC, respectively. For drive powers higher than +4dBm, EVM starts to degrade due to
MZM nonlinearity. Therefore, the optimum drive power was set to +4dBm for subsequent

investigation.
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The EVM as a function of received optical power is shown in Figure 4.15, and the received
constellations at -9dBm are inset in Figure 4.15 for BTB and 20km, respectively. The EVM
penalty after 20km at -9dBm received power was less than 0.5% and 1% for OFDM and
FBMC, respectively. It can also be noticed that both OFDM and FBMC reached an error floor
at -5dBm. Observe that EVM values are high for this technique compared to other mmWave
techniques previously investigated. This is due to excess noise generated in the PD from the

laser phase hoise.
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Figure 4.15: EVM vs Received optical power for mmWave IFoF using laser heterodyning (a)
OFDM BTB (b) FBMC BTB (c) OFDM 20km (d) FBMC 20km

Although, the phase noise of the generated mmWave carrier is theoretically cancelled using
ED for downconversion as shown in (4.21), prior to upconversion, the interaction between
the optical carriers used for upconversion with CD results in amplitude noise which further
degrades the system performance. Since this architecture offers the benefit to achieve a
wide-range frequency tunability while avoiding high-speed optical modulators and high-
frequency LO for upconversion/downconversion. The laser heterodyning technique can be
adopted flexibly as MFH architecture to support densely spaced mmWave 5G small cells.
The effect of each noise sources and its contribution to the received SNR is further
investigated in chapter 5 so as to optimise the system performance for future 5G mmWave
small cell MFH.
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4.3. Comparison of Millimetre-wave Techniques

In the previous section, 5 mmWave upconversion techniques have been investigated, in
terms of their performance at E/O and O/E conversion, respectively. To compare the
mmWave upconversion techniques, a summary of the results are shown in Table 4-2, for
OFDM and FBMC based on the investigated parameters. In all cases, the EVM value at the
optimum drive for FBMC is better than for OFDM ranging from 1.4% to 4%. However, the
benefit of high SNR at E/O conversion disappears in FBMC for low received powers at O/E
conversion. In addition, for a fair comparison, -9dBm was considered as a reference
received optical power in all upconversion techniques. At this received power, the EVM of
FBMC is worse compared to OFDM in 4 of the investigated techniques. However, as the
SNR improves, FBMC exhibits better EVM values compared to OFDM. This suggests that in
the optical transmission scenario where channel delay spread is low, the performance of
FBMC will be limited at low SNR. It should be recalled that the waveforms were hard-clipped
prior to the DAC, to achieve similar PAPR. However, the sensitivity of FBMC to nonlinearity
is obvious in the 5 investigated techniques for high drive powers. Note that the electrical
amplifier (EA) before the MZM was assumed to have operated in the linear regime thus the
nonlinear impairments experienced by the signals was due to the nonlinear transfer function
of the MZM. The impact of nonlinearity due to PA will be studied in chapter 6.

To further analyse the performance of the architectures, the received power at O/E
conversion required to achieve the 12.5% EVM threshold as set out by the 3GPP for 16QAM
LTE signal [166] was considered. The EVM and corresponding power at which the EVM was
achieved are illustrated in Table 4-2. The receiver sensitivity is lowest in #5 and highest in
#4. The noise level in #5 is increased due to RIN of the lasers and considering that the laser
linewidth is increased, the effect of CPN also increased, thus requiring more power to
achieve the desired SNR. Moreover, OFDM shows 2dB better sensitivity compared to FBMC
in #5. On the other hand, FBMC has 2dB better sensitivity in #4 compared to OFDM. This is
because FBMC exhibits 6dB better SNR at E/O conversion in #4. In addition, the laser was
biased well above the threshold, so RIN is relatively low and the effect of CPN is reduced
since the beating terms are assumed to be phase correlated for short fibre transmission.
However, #4 may be limited by modulation bandwidth if the IF signal bandwidth is wide as
expected in mmWave transmission. Furthermore, to realise OSSB modulation which makes
the system robust against CD for long reach fibre transmission, an optical filter will be
required to remove one of the sidebands. Therefore, due to low modulation bandwidth and
susceptibility to fibre CD, #4 may be limited to short distance low-cost implementation such
as indoor DAS. On the contrary, # 5 can achieve OSSB and is not limited by modulation

bandwidth as typical MZM has an electrical bandwidth of the order of 10s of GHz.
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Additionally, the architecture is simple and can be easily reconfigured to realise a wide range
of mmWave frequency. This is beneficial since there is a huge bandwidth in the mmWave
spectrum that can potentially be employed for 5G. Hence, #5 is a more attractive option as it
appears suitable for various transmission scenarios, but noise limitation which is typical in
AROF limits the dynamic range. Therefore, it is important to optimise the SNR in #5, by
further studying the effect of noise if the architecture is to be employed for 5G
heterogeneous access networks. This noise impact and SNR optimisation are investigated in
the next chapter.

Table 4-2;: Performance Comparison of the investigated mmWave upconversion Techniques

#1: mmWave RoF using electronic LO

Optimum Drive Power (dBm) -8dBm -8dBm
EVM (%) at Optimum Drive Power 4.2% 2.1%
EVM (%) penalty after 20km at -9dBm 0.5% 0.2%
Receiver Sensitivity at 12.5% EVM Threshold (20km) -9dBm -11dBm
#2: mmWave IFOF using electronic LO

Optimum Drive Power (dBm) -6dBm -6dBm
EVM (%) at Optimum Drive Power 3.8% 2.4%
EVM (%) penalty after 20km at -9dBm 0.8% 1%
Receiver Sensitivity at 12.5% EVM Threshold (20km) -13dBm -12dBm
#3: mmWave IFoF using Cascaded MZMs

Optimum Drive Power (dBm) 2dBm 2dBm
EVM (%) at Optimum Drive Power 6.9% 3.1%
EVM (%) penalty after 20km at -9dBm 1.5% 1.8%
Receiver Sensitivity at 12.5% EVM Threshold (20km) -13dBm -12dBm
#4: mmWave IFoF using DML and MZM

Optimum Drive Power (dBm) -12dBm -12dBm
EVM (%) at Optimum Drive Power 7.4% 3.4%
EVM (%) penalty after 20km at -9dBm 0.5% 0.8%
Receiver Sensitivity at 12.5% EVM Threshold (20km) -13dBm -15dBm
#5: mmWave IFoF using Laser Heterodyning

Optimum Drive Power (dBm) 4dBm 4dBm
EVM (%) at Optimum Drive Power 7.9% 4.5%
EVM (%) penalty after 20km at -9dBm 0.4% 1.7%
Receiver Sensitivity at 12.5% EVM Threshold (20km) -8dBm -6dBm
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4.4. Summary

In this chapter, five mmWave upconversion techniques have been investigated in terms of
their performance at E/O at O/E conversion, respectively. The first two techniques are based
on conventional RoF and IFoF architectures, using an electrical LO for mmWave
upconversion. The third and fourth architectures employed two stages optical modulation,
using a combination of electrical LO and an optical modulator for mmWave upconversion. In
addition, the third architecture employed a common two stage upconversion using cascaded
MZMs while the E/O MZM was replaced by a DML in the fourth architecture, to reduce the
system cost. The fifth architecture relies on a tunable optical source to provide the LO
required for mmWave upconversion and therefore, referred to as laser heterodyning.
Theoretical analysis showed that for the first two architectures, frequency and phase offset
can severely degrade the system performance if present as high-frequency LO was
employed for upconversion/downconversion. Moreover, these architectures are complex and
may hot be suitable for the massive deployment of mmWave small cell BSs in 5G networks.
The third and fourth architectures, on the other hand, reduce the frequency requirement by
half, using MZM for frequency doubling. These techniques are more convenient to
implement because the stringent frequency/ phase locking requirements for the previous
techniques is eliminated by using an ED for downconversion at the UE receiver. However,
high-speed optical modulator is employed for upconversion which is an expensive
component. The system cost can be reduced by employing a DML as in technique #4, but
may be limited by DML modulation bandwidth. The fifth technique employed an OLO for
mmWave upconversion, thus eliminating the need for a high-speed optical modulator.
Additionally, using OSSB modulation improves robustness against fibore CD, allowing the
possibility of long reach transmission. Moreover, the system can be reconfigured to achieve
any mmWave carrier as desired, which is subject to the limit of PD bandwidth.

The performance of OFDM and FBMC has been investigated over the five architectures. It
was found that FBMC exhibits worse EVM compared to OFDM when the SNR is low at E/O
and O/E, respectively. The EVM value improves, however, as the SNR increased, indicating
that FBMC requires a high SNR system for optimal performance. This phenomenon was
more obvious for the fifth technique where two lasers were employed for mmWave
upconversion because the noise due to laser RIN doubled. Also, the laser linewidth was
doubled which will equally contribute to the effect of CPN at O/E conversion.

It was observed in the simulation that nonlinearity of the E/O interface affects FBMC more

than OFDM as the EVM degradation was higher for powers above the optimum.
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5. Impact of Noise on Millimetre-Wave Signal

Generated using Laser Heterodyning

5.1. Introduction

In the previous chapter, 5 mmWave upconversion techniques was investigated subject to the
impact of E/O and O/E conversion on the transmitted signal. Although limited by the noise of
the mmWave generator, from the economic point of view, mmWave upconversion employing
laser heterodyning appears to be a desirable technique in scaling the traditional RoF
architecture to accommodate mmWave signals [128, 167]. This is necessary for dense
deployment of mmWave small cell BSs in a 5G MFH system. However, as observed in the
previous chapter, noise limits system performance. Therefore, the contribution of different
noise sources and their effects on the system SNR is investigated in this chapter. By
guantifying the impact of noise generated at specific points, the system performance can be
optimised in terms of SNR.

Firstly, an expression for the system SNR is derived in terms of noise power spectral density
(PSD). The impact of different noise sources are then studied by simulation. The system
performance evaluation is done by observing SNR degradation and EVM, respectively. SNR
degradation is calculated by considering the overall system SNR with and without the noise
contribution from the component that introduces noise into the system. As previously,
OFDM and FBMC waveforms are employed for the analysis and their transmission
performance are compared.

Finally, to optimise the system performance in the presence of noise, the adaptive
modulation technique is applied to select a subcarrier modulation level based on CSI
feedback from the receiver [5]. To further improve the SE with adaptive modulation, while
keeping in mind the system complexity, an intra-symbol frequency domain averaging (ISFA)
technique [168] is applied to improve the CE by averaging the CFR over multiple adjacent
subcarriers. The result shows significant improvement in the SE compared to when adaptive

modulation is used without ISFA.

5.2. SNR of Millimetrewave IF over Fibre Signal Generated

using Laser Heterodyning

In this section, we derive an expression for the system SNR in terms of noise contribution
from the transmitter, channel and receiver as depicted in Figure 5.1. The noise originates
from uncorrelated sources and therefore can be modelled as a zero-mean Gaussian random

process. The SNR degradation due to the nonlinearity of the E/O interface can be ignored
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since IF drive power is fixed throughout the investigation. Furthermore, since the effect of PA
nonlinearity will be investigated in the next chapter, all electrical amplifiers are operated in
the linear regime and therefore do not contribute to the system impairments.

Transmitter [ Channel " | Receiver
RIN CitvsHsd Thermal Noise

Phase Noise Phase Noise Shot Noise

ASE Noise ASE Noise

Figure 5.1: Noise Source in mmWave System using laser heterodyning
The type of noise generated by each component and the source is shown in Table 5-1. It
can be observed that noise arises from a source due to the properties of the component.
However, since the interaction of laser phase noise and dispersive fibre link results in laser
phase noise being converted to intensity noise, the CPN is considered to originate from the
fibre [165]. Also, ASE noise from the optical amplifier depends on where the amplifier is
employed within the system.

Table 5-1: Source and type of noise generated by components

Noise Source Component Noise Type
RIN Intensity fluctuations Laser Additive

Phase Noise Phase fluctuations Laser Multiplicative
ASE Spontaneous emission Optical Amplifier Beating

CPN Chromatic Dispersion Optical Fibre Multiplicative
Thermal Thermal agitation PD Additive
Shot Photons fluctuation PD Additive

5.2.1. Noise Generated in the Transmitter

5.2.1.1. Relative Intensity Noise

The intensity noise is an intrinsic property of a laser which results from optical intensity
fluctuations. Generally, spontaneous emission and thermal variations are responsible for the
fluctuations in optical intensity. The electric field of a laser can be written in terms of the
constant and time-varying fields [169]:

E(t) = [E, + AE(t)]exp[jwt + ¢ (t)] (5.1)

where P, = E2 ,w,. and ¢ are the average optical power, angular centre frequency and

random phase of the laser, respectively. Laser RIN is specified as the ratio of the time
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averaged intensity fluctuations to the average optical power emitted by the laser, and it can
be expressed as:
< AP? >

RIN = ——— 5.2
= (5.2

where AP is the time varying fluctuations in the laser intensity and <> denotes the time
average. The PSD of the intensity noise AP(t)can be expressed in terms of its

autocorrelation function using the Weiner-Kinchintin theorem as [116]:

1 T
Sap(@) = 5= f Rap(r)exp(—jwr) do (5.3)

-T

where Rpp = (AP(t)AP(t + 1)) is the autocorrelation function of AP(t). T represents the
observation interval. Thus the PSD of RIN in (5.2) can be expressed as:

Sap(w)
P?

Spin (W) = (5.4)

It can be seen from (5.4) that RIN contribution to the receiver noise is dependent on average
optical power. Therefore, RIN can exceed other noise effects in the receiver at low laser

output powers.
5.2.1.2. Laser Phase Noise

Considering a quasi-monochromatic laser operating far above the lasing threshold, phase
fluctuations of such laser is primarily due to quantum noise as a result of spontaneous
emission in the laser’'s gain medium, which results in finite linewidth of the laser. Due to the
intrinsic property of noise and the central limit theorem, phase fluctuations can be treated as
a stationary zero-mean Gaussian process using small signal approximation [116]. However,
laser phase fluctuation exhibits a nonstationary random walk. Therefore, the phase
fluctuation of the optical carrier in (5.1) is characterised by the Wiener-Levy process [116,
170]. However, the laser electric field is a zero-mean Gaussian random process. In addition,
the frequency fluctuation is a constant, and the PSD of frequency noise is proportional to the
phase noise PSD. Therefore, the autocorrelation function of the laser electric field can be
written as:
Rp(t) = (E()*E(t + 1)) (5.5)

Considering the phase fluctuation part in (5.5), the autocorrelation can be further expressed

as:
Rg(t) = Re[(jA¢(t, 1))exp(jw 1)] (5.6)
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Ap(t,T) = ¢p(t + 1) — p(t) is the phase jitter between t and t + 7 having probability density
function between t and t + t which can be written as:

1 A2 (7)
NPT [2<Aq>2<r)>

Wr[Ap(D)] =

(5.7)

(Agp?(1)) is the mean-squared phase jitter, and since A¢(t,t) follows Gaussian distribution,

there is a well-known relation:

ap(tm) = exp|-(ap2)| 59

Inserting (5.8) into (5.5) we have:

Re{{exp[jAp(t,T)])exp(jw, t)} = exp [— % (A(,bz(r))] cosw,t (5.9)

The laser spectrum is obtained by taking the Fourier Transform of (5.9):

o]

Sp(w) = Ref exp(—[1/Teon + jw]t)dt (5.10)
0

where T,,, represents the laser coherent time which is related to the laser linewidth and can
be written as:
1

Av = (5.11)
nTcoh
By solving (5.10), it easy to see that the laser has a Lorentzian line shape:
exp(—[1/T.on + jo]D|”
SE(a)) — Re p( [ / coh .] D
_[1/Tcoh +]w] 0
1/Tcoh (5.12)

T (U Teon)? + (@ — w,)?

_ Av
T n(Av)?2 + (0 — w,)?

The frequency noise spectrum of the laser above is white noise (i.e. constant), and it is
related to the phase noise PSD through Q, which represents the noise frequency. Hence, the

PSD of phase noise can be expressed as:
Sp(w) = Sp(w)Q~2 (5.13)
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The mean-squared phase jitter may be expressed in terms of the laser instantaneous

frequency-fluctuations spectrum S¢(w):

o

f |H(w)|* Sp(w)dw (5.14)

(Bp* () = Ry(@®) = 5=

where H(w) = Smé?) is the transfer function of an LPF which has impulse response h(t) =
2

RN i P ] .. . . N
{lgl Oi;tr‘sz . The mean-squared phase jitter increases linearly with time. Therefore, (5.14)

results in [171]:
(A2 (1)) = 2Av]7| (5.15)

2Av is the angular full width at half maximum (FWHM) of the laser field spectrum. Note that
the PSD of laser phase noise expressed in (5.13) is considered as a general case, for a
laser subject to quantum noise and exhibiting Shawlow-Tones linewidth [171].

Due to square-law detection of the PD, the phase noise is converted to intensity noise which
can be as a result of delay between the two arms of the MZM interferometer or time delay
due to fibre CD [172, 173]. This is usually referred to as converted RIN to distinguish is from
the laser intrinsic RIN [174]. Here, we consider time delay due to the fibre CD as a source of
converted RIN. Furthermore, to distinguish its effect from laser intrinsic RIN, it is referred to
as CPN in this thesis since the phase noise term in the mmWave signal is cancelled by the
envelope detection in the UE.

In the proposed laser heterodyning architecture, the lasers are completely uncorrelated,
hence, the phase noise spectrum is the Lorentzian linewidth expressed in (5.12).
Consequently, the effect of phase noise is increased compared to the other architectures
studied in the previous chapter. Further, the interplay between the phase noise and fibre CD
causes different spectral components to experience differential delays, thus leading to a
frequency dependent phase variation among the spectral components. This phenomenon
introduces a phase rotation term (PRT) particular to each subcarrier at conversion [165]. It
has been reported that phase noise due to PRT is dependent on transmission length and
symbol duration [175]. Also, due to the time delay, the phase noise spectrum is enlarged
leading to significant ICI among the subcarriers[175]. Therefore, since CD-induced PRT and
ICI are mutually independent zero-mean Gaussian random variables, then the total phase
fluctuation effect on kth subcarrier is a summation of mutually independent Gaussian

random variables [165].
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In this analysis, the phase noise is assumed to be completely converted to intensity noise at
O/E. Therefore, considering the fibre link as a linear time-invariant system, the PSD of CPN
after dispersive fibre can be expressed as:

Scen () = S¢(w)|HCD(w)|2 (5.16)

where Hqp(w) is the fibre CD transfer function expressed as:

Hep (@) = exp (j5 BoLo? (5.17)

where B, = —A%DL/c is the group velocity dispersion coefficient of the fibre. Here, the
optical carrier is modulated by IF signal where w, = (k + GB)Aw is the angular frequency of
kth subcarrier symbol and GB is the guard band. It can be seen from (5.17) that the PSD of
CPN is dependent on fibre length and frequency of the modulating signal. Moreover, CPN is
a multiplicative noise since it follows the signal frequency. Consequently, noise contribution
from CPN can dominate the receiver noise for long fibre transmission and/or wide signal
bandwidth.

5.2.1.3. Amplified Spontaneous Emission

ASE noise is an additive noise generated at the output of an optical amplifier. Due to the
gain mechanism of the amplifier, the intensity and phase fluctuations from the laser as a
result of spontaneous emission is amplified along with the input optical signal. As a square-
law detection device, the PD generates beating noise from the ASE field, which includes
ASE-ASE beat noise and ASE-Signal beat noise. Consequently, the ASE-Signal beat noise
spectrum is superimposed on the signal field. The ASE-ASE beat noise, on the other hand,
contributes to the optical SNR and the spectrum depends on the optical filter employed
[176]. Generally, ASE noise is spectrally flat and can be modelled as a zero-mean stationary
Gaussian random process. Therefore, the noise PSD of ASE-Signal beat noise and

ASE-ASE beat noise can be expressed as follows:

Su_s(®) = Sy (@)|Hop(@)|*
(5.18)

Sa-a(w) = Sy(w) |Hop (w)lz

where the subscript A—S and A — A represent ASE-Signal and ASE-ASE, respectively.
H,,(w)is an ideal OBPF with a rectangular function. S,(w)is the PSD of the input signal

x(t) to the optical amplifier, assumed to be zero-mean Gaussian and spectrally flat within the

amplifier's gain medium. Depending on where the amplifier is placed within the architecture,
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x(t) may represent the signal at the input or output of the fibre. The total ASE field noise
PSD contribution at the receiver is a linear combination of S,_s(w) and S,_,(w). However,
S,_s(w) is the dominant ASE noise source that degrades the system SNR. Hence,
ASE-Signal beat noise PSD of the optical amplifier can be expressed as:

Nasgh BWop(G -1)

: (5.19)

Sa-s(w) =

where n,sr IS the ASE noise factor, typically referred to as noise figure (NF) when
expressed dB, & is Planck’s constant, BW,,, is the effective bandwidth of the optical filter and
G represents the gain of the amplifier. ASE noise in optical amplifier is usually quantified by
NF which is 4~5dB for EDFAs [176]. ASE noise dominated by the contribution from the
ASE-signal field can exceed other noise contribution in the receiver for low input optical
power.

5.2.2. Noise Generated in the Receiver

Apart from the noise generated in the transmitter and the channel, noise added by the PD
also contributes to the system SNR. The PD noise is intrinsic to electrical systems which

include thermal noise, shot noise, respectively.
5.2.2.1. Thermal Noise

Thermal noise is generated by the PD due to thermal fluctuation of electrons within its
conductor. Thermal noise does not depend on frequency thus regarded to as white noise.
However, thermal noise depends on temperature and load resistance of the conductor. The
noise PSD of thermal noise can be expressed as:
Stn (@) = Sy (@) |He(w)|?
(5.20)
Sy (@) = 2kgTR

where H,(w) is the transfer function of the electrical filter in the receiver, which is usually the

detection bandwidth.
5.2.2.2. Shot Noise

Shot noise results from the discrete nature of the photons incident on the PD. The shot noise
contribution to the receiver noise is proportional to the received average optical power, and

the PSD can be expressed as:

— 2
Ssh (@) = Sx(w)|He (w))| (5.21)
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Ssn (W) = 2qlg

where g denotes the electron charge and 1. is the average DC current generated at O/E
conversion. Considering an ideal receiver with responsivity R = 1, it can be seen that shot
noise is dependent on the received optical power.

5.2.3. SNR of the Millimetrewave Signal after O/E Conversion

To determine an expression for the SNR of the mmWave signal generated at O/E
conversion, we consider that the noise is from uncorrelated sources and that the PSD of
noise generated at the PD is a linear superposition of the noise PSDs. Therefore, the
mmWave signal at the output of the PD that has been corrupted by noise is written as:

Smm (@) = PiS;p(w) + Sy, (w) (5.22)

where P; is the average power of the incident light on the PD. Sy, (w)is the total noise
spectral density of the system:
Snp (@) = Spin(w) + Sp () + Scpy(w) + Spsp(w) + Spp(w)
(5.23)
+Ssn(w)

S;r (w) is the PSD of the transmitted IF signal which can be computed using the Parseval’s

theorem:

PP = Jim (5 EIF G (0)1)) (529

E{-} and F{-} denotes the expectation and Fourier Transform operator, respectively.
Therefore, the total SNR of the mmWave signal can be expressed as:

Smm (@) — SNT (w)
Sy (w)

SNR (@) = (5.25)

We can observe the impact of each of the noise sources on the SNR of the mmWave signal.
Generally, for some fixed parameters, noise contribution of some noise sources can be
ignored in some cases. For instance, for a fixed average optical power, and increased fibre
length, CPN will dominate the system noise while shot noise power is negligible. In addition,
noise due to CPN will increase with the laser linewidth. On the other hand, RIN and ASE
noise contribution will increase at low optical power. Even though thermal noise is constant,

its effect will increase at low received optical power.
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Notably, a comprehensive study on the noise performance of mmWave signal generated
using uncorrelated lasers has not been done simultaneously for OFDM and FBMC, to the
best of our knowledge. To this extent, a holistic investigation is necessary to gain an insight
into the performance limitations associated with such system. Furthermore, it may be
possible with such information to optimise the system performance in the presence of noise,
since transmission scenario such as distance and channel in an optical fibre are largely
invariant. It will, therefore, be interesting to investigate the impact of these noise sources on
the system SNR. In the next section, the effect of different noise sources on the system

SNR is studied by simulation.

5.3. Noise Effects on Millimetre-wave IF over Fibre Signal

based on uncorrelated Lasers

In order to study the impact of different noise sources on the mmWave signal generated
after O/E, a simulation testbed was implemented in VPI Transmission Maker®. The

schematic for the simulation setup is depicted in Figure 5.2.

Figure 5.2: Simulation Setup.

The transmitter and receiver for IF signals (i.e. OFDM and FBMC) were implemented in DSP
using MATLAB based on Figure 5.3. Here the total FFT size was 2048 and 128 subcatrriers
were used for data. The large FFT size was primarily chosen to ensure sufficient
oversampling and allow for more carriers to be used for data transmission as needed.
Moreover, subcarriers from DC to 192 were filled zero to digitally shift the signal to IF, which
is necessary for envelope detection. In addition, signal-signal beat interference (SSBI)
around DC usually generated at O/E is avoided completely since the unmodulated
subcarriers amount to 1.5x the IF signal bandwidth. The subcarriers were modulated with
symbols generated from M-QAM alphabets, where M represents the number of constellation
points. For FBMC, the QAM symbols were fed into the OQAM Pre-processing module as
shown in Figure 5.3 (a). Then, the generated OQAM symbols were mapped to subcarriers
193:320 while the complex conjugate OQAM symbols were mapped to the corresponding
negative IFFT frequency to realise HS. The SFB implements the IFFT, pulse shaping and
P/S conversion, respectively. The pulse-shape filter is based PHYDYAS prototype function
with overlapping factor K = 4 [136]. Similarly, OFDM was generated based on the same

parameters, and 128 subcarriers was used for CP. As illustrated in Figure 5.2, the digital
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signal either FBMC or OFDM was converted to an analog signal after passing through the
DAC sampling at 8GSa/s. The analog signal was then amplified by a LNA providing around
30dB gain. A LPF was placed after the LNA to remove aliasing that results from DAC. The
IF signal after DAC was centred at 2GHz having bandwidth 500MHz.
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Figure 5.3: DSP Transceiver design for the IF Signals: (a) FBMC (b) OFDM
In the simulation, DFB lasers having 1MHz linewidth were employed as the ML and LO
laser, respectively. To improve robustness against fibre CD, the IF signal after amplification
was sent to a hybrid coupler which splits the signal and adds 90° phase shift at one of its
output. The output of the hybrid coupler was then applied to the two arms of the DE-MZM,
biased at quadrature point to generate OSSB modulation. The centre emission frequency
the ML was set to 1552.524nm. After the E/O conversion, a 3dB coupler was used to
combine the OSSB signal with the OLO. The centre emission frequency of the LO laser was
set to 1552.749nm which is exactly 28GHz apart from the ML centre frequency. The
combined signal was then amplified by an EDFA before 40km fibre transmission. The EDFA
noise figure is 5dB and it provides 9dB gain so no inline or pre-amplification was required at
the receiver. This is typical in short reach fibre access networks such as PON. The input
optical power to the PD was fixed at +1dBm. In that way, thermal and shot noise effects are
assumed constant. The mmWave signal was generated in the PD via heterodyning of the
two optical tones. The mmWave signal was then amplified by a 30dB gain HPA, and a BPF
was used to remove unwanted beatings around the desired carrier frequency. At the UE, the
mmWave signal was downconverted by an ED and a LPF extracts the desired signal before
the LNA. The received IF signal was converted to digital samples by a 64GSa/s ADC before
the receiver DSP was performed offline in MATLAB based on the design shown in Figure
5.3. The system performance evaluation was carried out for different transmission scenarios

by computing the SNR degradation with and without the noise generating source. The
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system SNR was calculated after symbol demodulation from the received EVM using the
relationship [177]:

SNR =~ (5.26)

EVM?

Since the total noise PSD is the sum of the PSDs of all noise generated within the system,
the following assumptions are made regarding how noise effect is investigated:

e The impact of each noise source on the system performance can be examined
independently. This is done by fixing some parameters while the parameter
associated with the noise source of interest is swept.

e In situations where noise is dependent on a transmission parameter, it can be
assumed that such noise influence will remain constant as long as the parameter
value remains unchanged.

e Although, total system noise performance is a combination of multiple noise
sources, as transmission scenario changes, the impact of one or more of the noise
sources will exceed others. Thus, it can be inferred that the system performance is
limited by the dominant noise term.

In the next section, the impact of noise is investigated based on the simulation setup
depicted in Figure 5.2 for OFDM and FBMC, respectively.

5.3.1. Impact of RIN on the system performance

To study the impact of RIN on the system performance, the laser RIN parameter was swept
from -135dB/Hz to -165dB/Hz in 5dB steps. The laser employed in the simulation allows the
RIN to be set independent of the average optical power. Thus, the optical power delivered to
the PD was fixed at +1dBm. Moreover, optical BTB transmission was considered so ASE
noise and impact of CPN due to CD is excluded from the noise calculation. In addition, the IF
drive power was kept as -8dBm for all evaluations. At this drive power level, OFDM and
FBMC showed similar performance, hence, the nonlinearity of the E/O interface was not
accounted for in the setup. For the evaluation, OFDM and FBMC were modulated with 4, 16
and 64QAM and their performance compared. The received SNR as a function of RIN
values is shown in Figure 5.4 for OFDM and FBMC, respectively. As expected, the SNR
reduces with an increase in RIN. Observe that OFDM exhibits 2dB better performance in
SNR compared to FBMC for all modulation formats and at all RIN levels.

Generally, the SNR was degraded by ~10dB as RIN increased from -150dB/Hz
to -135dB/Hz whereas SNR floor can be noticed from -150dB/Hz to -165dB/Hz. This

suggests that RIN contribution to the overall system noise was reduced at low RIN values.
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Further, laser intrinsic RIN contribution to the overall system noise reduced significantly for
RIN values lower than -155dB/Hz. Consequently, system SNR performance can be

improved by employing low RIN lasers.
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Figure 5.4: Received SNR vs RIN for OFDM and FBMC
5.3.2. Impact of ASE Noise

Next, noise due to ASE is studied by placing a 5dB NF EDFA after the coupler. The EDFA
output power was set to +9dBm. An optical attenuator was used to set the PD input power
to +1dBm. As mentioned earlier, shot noise power is assumed constant for this power level
since it depends on the input power level. Also, thermal noise power does not change.
Therefore, it is expected that for low RIN values, further system SNR degradation will be as
a result of ASE noise.

The RIN value was swept from -165dB/Hz and -155dB/Hz to evaluate how the introduction
of EDFA will impact the system SNR. To achieve this, the input optical power to EDFA was
set to +1dBm and -7dBm, respectively. In a practical scenario, the EDFA serves as a power
booster in the former while in the latter it serves as a preamplifier to improve receiver
sensitivity. Here, the performance evaluation was performed without fibre in order to
determine the dominant noise source in the system. The SNR degradation was calculated by
comparing the SNR for the two configurations for different RIN values. SNR degradation is
shown in Figure 5.5 for 4, 16, and 64QAM, respectively.
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Figure 5.5: SNR degradation due to ASE
For all RIN values, the system noise is a combination of RIN and ASE noise. It can be seen
from Figure 5.5 that when the EDFA was employed as a power booster (i.e. +1dBm input
power), it does not contribute significantly to system noise. This is due to high optical SNR at
the input of the EDFA. On the contrary, when the EDFA was employed as a preamplifier
with -7dBm input power, the effect of ASE noise becomes noticeable exhibiting 4~5dB

degradation. This implies that ASE noise generally depends on the input optical power level.
5.3.3. Impact of CD-induced CPN

To investigate the impact of CPN on the system SNR performance, the RIN values were
swept as before, from -165dB/Hz to -135dB/Hz. The EDFA was placed after the OC to
provide +9dBm launch power into the fibre. In that way, ASE noise contribution due to EDFA
is minimised as shown in Figure 5.5. The SNR degradation was computed by observing the
received SNR at BTB and after 40km fibre, respectively.

It is interesting to see from Figure 5.6, that there was no effect on SNR degradation
for -135dB/Hz value. This implies that even in the presence of other noise sources such as
ASE and CPN, the system noise was dominated by RIN. Moreover, CPN dominates SNR
degradation as the RIN value reduced. To validate this, the fibre CD effect was switched off

and the SNR degradation was observed for the 4QAM signal, which is also shown in Figure
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5.6. This can be achieved in practice by employing a dispersion compensating fibre at the

end of the fibre span to mitigate the CD effect.
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Figure 5.6: SNR degradation due to CPN
It can, therefore, be concluded that CPN will dominate the noise contribution to system SNR

for low RIN values but its effect may become insignificant when the laser RIN is extremely

high.

5.3.4. Impact of Laser Linewidth

Since the laser linewidth is the phase noise spectrum of the laser, it is important to study the

impact of linewidth on SNR degradation due to CPN.

Table 5-2: Laser Configuration and Linewidth

Laser ML Linewidth | LO Linewidth | Total Linewidth
Configuration

FL-FL 1kHz 1kHz 2kHz
FL-ECL 1kHz 100kHz 101kHz
ECL-ECL 100kHz 100kHz 200kHz
ECL-DFB 100kHz 1MHz 1.1MHz
DFB-DFB 1MHz 1MHz 2MHz
FL-DFB 1kHz 10MHz 10.1MHz
DFB-DFB 10MHz 10MHz 20MHz
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The linewidth of both ML and LO was swept to reflect different laser configurations and
types, as shown in Table 5-2. The laser types considered are fibre laser (FL), ECL and DFB,
respectively.

The SNR degradation due to laser linewidth was computed by observing the SNR at BTB
and after 40km fibre transmission. The RIN value was set to -155dB/Hz, and the optical

launch power was +9dBm, so as to maintain the PD input power of +1dBm.
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Figure 5.7: SNR degradation due to laser linewidth
Figure 5.7 shows SNR degradation as a function of laser linewidth. It can be seen that SNR
degradation for linewidth configurations below 2MHz is less than 1dB whereas the SNR
degradation for the 20MHz laser is ~6dB. Here, the noise contribution is assumed to be due
to CPN only as all other noise parameters were unchanged. Therefore, low linewidth lasers

are desirable to reduce the effect of noise on the system performance
5.3.5. Impact of Fibre Length

In this section, the impact of fibre length is studied for transmission up to 100km. For
previous investigations, the fibre length was fixed at 40km which is equivalent to the Next
Generation-PON2 (NG-PONZ2) standard [178]. Here, we consider long-reach optical access
network as it has been proposed as an alternative solution to the currently installed fibre
capacity [179]. In the investigation, two laser linewidth configurations were used and only

16QAM modulation format was employed. Also, the RIN was set to -165dB/Hz. In order to
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avoid the effect of fibre nonlinearity, the optical launch power kept at +9dBm. After 40km,
another EDFA was placed before the PD to ensure a +1dBm input optical power to the PD
throughout the investigation. The fibre length was increased in steps of 10km and the SNR
degradation was calculated w.r.t the SNR at optical BTB.
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Figure 5.8: SNR degradation due to fibre length

Figure 5.8 shows the SNR degradation as a function of fibre length for two laser linewidth
configurations. As can be seen from Figure 5.8, the SNR degradation in both OFDM and
FBMC increased significantly for 10.1MHz linewidth, while it is less than 2dB up to 40km for
1.1MHz. In addition, the steeper trend after 40km is due to the introduction of another EDFA
as a preamplifier before the PD. Hence, optical power at the EDFA reduced by +2dBm for
every 10km increase in fibre length, and on average SNR was degraded by 0.8dB and 1dB
for OFDM and FBMC, respectively. As shown previously, we can deduce that given a
maximum 5dB NF from the preamplifier EDFA, SNR degradation is dominated by CPN after
70km fibre. Therefore, for fibre lengths further than 40km, the noise contribution consists
mainly of ASE and CPN. Moreover, SNR degradation is 2.5dB and 3dB worse for OFDM
and FBMC, respectively as the linewidth was increased from 1.1MHz to 10.1MHz.

Further, FBMC can be observed to exhibit more SNR degradation compared to OFDM. This
is clear at 90km fibre where for 1.1MHz FBMC was degraded more than 10.1MHz linewidth
OFDM. This suggests that FBMC is more sensitive to CD-induced phase-to-intensity noise
compared to OFDM.
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5.3.6. Impact of Noise on IF Signal Bandwidth

In this section, the impact of noise is investigated considering different IF sighal bandwidth
for 40km and 100km fibre, respectively. Since mmWave frequency presents huge bandwidth
that can be used for 5G networks, it is necessary to study the effect of noise on increasing
the signal bandwidth. Two laser linewidth configurations were used for the evaluation.
Firstly, the subcarrier bandwidth was fixed while more carriers were allocated to increase the
transmitted IF signal bandwidth. It is well known that phase noise impact is minimised if
subcarrier bandwidth is larger than the laser linewidth [180, 181]. Therefore two laser
configurations are related to the subcarrier spacing as:
Aw;r = 3.90625MHz > 2MHz
(5.27)
Aw;r = 3.90625MHz < 10.1MHz

Increasing subcarrier number can be seen as allocating more bandwidth to the UE in terms
of subcarriers, where the subcarrier frequency is fixed and the resultant IF signal bandwidth
is calculated as Aw;r * Subcarrier Number. Figure 5.9 shows the received EVM as a
function of subcarrier number after 40km fibre. Obviously, the SNR degrades as the

subcarrier number was increased, which is explained by (5.17).
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Figure 5.9: EVM vs Subcarrier Number after 40km fibre
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The EVM was degraded by 2~3dB as the subcarrier number increased from 64 to 256 (i.e.
250MHz-1GHz) and as a consequence 8~9dB loss in SNR. Moreover, FBMC exhibits 3dB
worse SNR when the subcarrier number increased to 256 for 10.1MHz laser configuration.
The SNR degradation as more subcarriers were added can be attributed to the increased
accumulation of CPN per subcarrier. Even though the subcarrier bandwidth is larger than the
phase noise spectrum of 2MHz laser linewidth configuration, the CD effect increased with
subsequent increase in signal bandwidth. Similarly, the EVM as a function of the subcarrier
number after the 100km fibre is shown in Figure 5.10. Compared to Figure 5.9, it can be
seen that the EVM value for 64 subcarriers reduced by 6~7dB as the fibre was increased to
100km. This is due to CD-induced CPN and ASE noise since another EDFA was placed just
before the PD.
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Figure 5.10: EVM vs Subcarrier Number after 100km fibre
Considering the 18dB SNR threshold for 16QAM signal, the maximum number of subcarriers
that can be allocated in FBMC is 192 (i.e. 750MHz) for 2MHz linewidth configuration. The
number of achievable subcarrier allocation reduced to 128 (i.e. 500MHz) for 10.1MHz
linewidth configuration. On the other hand, OFDM can allocate all subcarriers as the SNR is
higher than 18dB after 100km for 10.1MHz configuration. This implies that FBMC requires
more stringent laser linewidth configuration to reduce the effect of phase noise on mmwWave

signals generated using laser heterodyning.
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Next, the subcarrier number was fixed while the subcarrier sampling interval was increased.
The same linewidth configuration was used and the received EVM for OFDM and FBMC was
compared after 40km and 100km fibre, respectively. The bandwidth was increased from
250MHz to 2GHz in 250MHz step. To avoid SSBI around DC at O/E conversion, the centre
frequency of the IF signal was shifted as the signal bandwidth increased. The allocated
guardband is = BW,. The two laser configurations are related to the subcarrier spacing as:

Aw;r < 2MHz for 250MHz
Aw;r > 2MHz for 500MHz — 2GHz
(5.28)
Aw;r < 10.1MHz for 250MHz — 1GHz
Aw;r > 10.1MHz for 1.5GHz — 2GHz
The relation in (5.28) is necessary to evaluate the influence of laser linewidth and CD on the

transmitted signal. Figure 5.11 shows the EVM as a function IF signal bandwidth after 40km

for the two laser configurations.
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Figure 5.11: EVM vs IF bandwidth after 40km fibre
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The maximum achievable IF bandwidth considering 18dB SNR threshold in FBMC is 1.5GHz
for 2MHz and 1GHz for 10.1MHz laser configuration. Compared to the 100km shown in
Figure 5.10, the maximum achievable bandwidth is doubled by reducing fibre length to
40km. Even though the subcarrier bandwidth was increased relative to the laser linewidth,
which should sufficiently improve tolerance against laser phase noise. The CPN spectrum
becomes enlarged with increased signal bandwidth leading to significant ICI and
consequently loss of orthogonality [165]. This effect is more pronounced in FBMC since it
suffers from IMI due to real-field orthogonality constraint leading to ICI/ISI, which in effect
can be made worse with phase noise [182].

On the other hand, transmission of 2GHz and 1.5GHz OFDM signal can be achieved over
the architecture for 2MHz and 10.1MHz laser configuration, respectively. This implies that
OFDM presents 25% and 33% (i.e. for 2MHz and 10.1MHz linewidth) better SE in terms of
IF bandwidth over this architecture due to its robustness against CPN compared to FBMC.
However, if we consider that the CP overhead in OFDM is not required in FBMC, the SE
margin will be reduced. The received constellation for the 2", 64™, and 128™ subcarrier is
shown in Figure 5.12. The effect of CD induced ICI can be noticed on the 128" subcarrier
since the relative time delay is increased.
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Figure 5.12: Received constellation after 40km fibre and 2MHz linewidth for 2nd, 64th and
128th subcarriers after equalisation in 2GHz (a) OFDM (b) FBMC

The same transmission scenario was considered for 100km fibre as shown in Figure 5.13.
The difference in SNR between OFDM and FBMC was 3dB and 5dB for 250MHz and 2GHz
IF bandwidths, respectively. Obviously, the effect of CD increased with fibre length and
signal bandwidth, further degrading the EVM. Additionally, the input optical power at EDFA
was -11dBm after 100km, thus ASE noise from the preamplifier also contributed to EVM

degradation.
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Figure 5.14: Subcarrier SNR for 10.1MHz Laser Configuration and 2GHz IF bandwidth (a) 40km
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The maximum achievable bandwidth for 2MHz laser linewidth is 1.5GHz and 0.75GHz for
OFDM and FBMC, respectively. As the laser linewidth increased to 10.1MHz, the maximum
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achievable bandwidth reduced to 1GHz and 0.5GHz for OFDM and FBMC, respectively.
This shows that the CPN effect is more detrimental in FBMC than in OFDM. To verify this,
the SNR value of the 128 subcarriers was computed after 40km and 100km considering
2GHz bandwidth and 10.1MHz laser configuration as shown in Figure 5.14. The trend lines
indicate how SNR degrades with the subcarrier number. It can be observed that SNR per
subcarrier of FBMC after 100km is worse, with several dips. In addition, the trend lines in
Figure 5.14 (a)-(b) show an average of 3dB difference in subcarrier SNR of OFDM and
FBMC.

In order to employ the laser heterodyning technique for optical backhauling of mmwWave
small cell BSs, system performance optimisation is necessary. This can be achieved by
employing very narrow linewidth lasers for mmWave carrier generation, reducing the signal
bandwidth or fibre length. However, narrow linewidth lasers are quite expensive, while in
practice; fibre length is usually fixed based on the deployed architecture. In addition, it is
desirable to exploit the huge bandwidth that is present in the mmWave band.

To this extent, system optimisation can be achieved by considering the transmission channel
characteristics and adapting the signal modulation scheme suitable for the available SNR.
This technique is referred to as link adaptation in the present 4G mobile networks and it is
expected to be employed in 5G. Further, if the estimation of the channel response is
enhanced, the received SNR can be improved. Therefore, system performance employing
link adaptation technique and channel noise averaging optimisation is investigated in the

next section.

5.4. System Performance Optimisation based on the

Received SNR and Frequency Domain Averaging

The transmission schematic of adaptive modulation based on CSI feedback from the UE is
depicted in Figure 5.15.
Adaptively modulated data

__________________ —
i
| Initial transmission ——» ¢
(6(0) Channel UE CE + ISFA
* Noise —» (;SII
L o o o R/

Feedback
Figure 5.15: Schematic of transmission channel with CSI feedback for adaptive modulation
To optimise transmission throughput in the presence of noise, the UE receives the downlink

data corrupted by noise and subsequently, the CE is done and the UE computes the CSI,
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which is then fed back to the CO. The SNR information contained in the CSl is used to select
the appropriate modulation scheme based on the SNR threshold for each modulation format
[5]. In the CO, the subcarriers are then modulated with different modulation formats and
transmitted back to the UE via the channel.

By taking the advantage that channel transfer function is usually highly correlated for
adjacent subcarriers, ISFA was employed to average the noise over data-carrying
subcarriers. The CE was based on least squares using the preamble appended at the start
of each frame. Subsequently, the ISFA scheme was applied to average a total of 2m + 1)

subcarriers. Thus, the channel matrix for kth subcarrier can be written as [183]:

k+m
1 )
HOO = 5— 1i:ZmH(l) (5.29)

where H(k) is the channel matrix for kth subcarrier and m is the averaging window. The
averaging window is selected from m neighbour subcarriers to the left and right of the kth
subcarrier. A ZF equalisation was then applied to the received signal after ISFA. To
implement the system optimisation, adaptive modulation was initially used to improve the

throughput of 2GHz signal considering 40km fibre and the two linewidth configurations.
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Figure 5.16: ISFA averaging window for 2GHz OFDM and FBMC after 40km
Afterwards, ISFA was employed to enhance the CE, and a comparison was made on the

number of loaded bits with and without ISFA. The ISFA window size was first swept to obtain
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an optimum number of subcarriers required before implementing the ISFA. Figure 5.16
shows the EVM as a function of the ISFA window for OFDM and FBMC. The zero averaging
window size corresponds to when ISFA averaging was not applied. The optimum ISFA
window size for 2MHz laser configuration was 29 and 22 for OFDM and FBMC, while the
optimum window size for 10.1MHz was 35 for both waveforms.

The bit-loading profile after 40km fibre for 2MHz laser linewidth is shown in Figure 5.17. It
can be seen that with ISFA more subcarriers were loaded with a higher bit number
compared to when ISFA was not applied. In addition, it can be observed that high subcarrier
numbers were modulated with lower bits. This is due to the increased SNR degradation as a
result of accumulated CPN on high subcarrier numbers as shown in Figure 5.14, thus lower
modulation format was employed. After adaptive modulation, the signal was retransmitted
over the architecture with the same configuration and subcarrier demodulation was
performed after using the optimum ISFA window to average the channel response. Figure
5.18 shows the received constellations for subcarriers loaded with 2-, 4- and 6-bits when
ISFA was applied for 2MHz linewidth and 40km fibre length, respectively.

Given that the preamble used in CE constitutes 1% symbol overhead for both waveforms
and another 5.3% CP overhead in OFDM. The effective data rate of OFDM and FBMC
before adaptive modulation was 7.45Gbps and 7.92Gbps, respectively. After adaptive
modulation, the effective data rate of OFDM increased by 21% without ISFA and 32% when
ISFA was applied. However, the effective data rate of FBMC after adaptive modulation was
reduced to 94% without ISFA, but it increased by 31% when ISFA was applied to enhance
the CE process before adaptive modulation.
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Figure 5.17: Bit-loading profiles for 2MHz laser and 2GHz bandwidth after 40km (a) OFDM (b)
FBMC
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Figure 5.18: Received constellation after adaptive modulation with ISFA for 2MHz linewidth
after 40km fibre (a)-(c) OFDM: 2-bits, 4-bits and 6-bits (d)-(f) FBMC: 2-bits, 4-bits and 6-bits

Similarly, the bit-loading profile is shown in Figure 5.19, with and without ISFA for 2GHz
bandwidth and 10.1MHz laser linewidth after 40km fibre. It can be observed that bits are not
loaded from around 112" subcarrier to 128" subcarrier. This is due to the enlarged laser
phase noise spectrum as the linewidth was increased. Note that it is possible to shift the IF
signal further away as the linewidth increases, but it means increasing the signal frequency
which then means the CD effect will be increased. Figure 5.20 shows the received
constellations for the subcarriers loaded with 2-, 4- and 6-bits after the signal was

retransmitted over the architecture using the same configuration.
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Figure 5.19: Bit-loading profiles for 10.1MHz linewidth and 2GHz bandwidth after 40km (a)
OFDM (b) FBMC
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The total effective data rate after adaptive modulation in OFDM was 5.65Gbps, which

represents 75% of the 7.45Ghps initial transmission data rate before adaptive modulation.

The effective transmission data rate increased to 85% when ISFA was applied. Similarly, the
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total effective data rate in FBMC after adaptive modulation was 3.77Gbps which amounts to
48% of the initial transmission data rate. However, the effective data rate increased
significantly to 80% when ISFA was applied. It is worth highlighting that the received EVM
before adaptive modulation was -15dB and -12.5dB for OFDM and FBMC which is below the
-18dB threshold for 16QAM LTE signal. Clearly, the transmission throughput has been
significantly improved by combining ISFA with adaptive modulation, in the presence of
transmission impairments.

Finally, in order to optimise the system throughput after long-reach fibre transmission,
adaptive modulation was implemented for 1GHz signal considering 10.1MHz linewidth after
100km. As previously, the ISFA averaging window was swept to determine the optimum
ISFA window size as shown in Figure 5.21, which was found to be 24 for OFDM and FBMC,
respectively. As can be seen from Figure 5.21, the EVM improved significantly from 20% to
15.2% even with an averaging window of 1 for FBMC, while it only improved by less than 2%
in OFDM.

Figure 5.22 shows the bit-loading profile of OFDM and FBMC with and without ISFA. Clearly,
more bits were loaded when ISFA was applied compared to without ISFA thus improving SE
and system throughput. In the case of FBMC, less number of bits was loaded on the high
subcarrier numbers, which is consistent with the previous result using 10.1MHz laser
linewidth configuration. However, the received constellations for subcarriers loaded with
2- and 4-bits as shown in Figure 5.23 demonstrates successful transmission for OFDM and

FBMC, respectively.
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Figure 5.22: Bit-loading profiles for 10.1MHz laser and 1GHz bandwidth after 100km (a) OFDM
(b) FBMC
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A maximum of 4-bits was loaded on all subcarriers for both waveforms. The initial
transmission data rate was 3.96Ghbps and 3.73Gbps for FBMC and OFDM when all the 128
subcarriers were modulated with 16QAM symbols. Due to transmission impairments
dominated by CPN and ASE noise, the data rate after adaptive modulation without ISFA
reduced by 33% in OFDM and more significantly by 51% in FBMC. When ISFA was applied,
the effective data rate was significantly increased to 95% and 79% of the initial transmission
data rate for OFDM and FBMC, respectively. Therefore, ISFA can be employed to reduce

the effect of noise on system performance and improve the transmission data rate.

5.5. Summary

In this chapter, different noise sources that limit the system performance in employing laser
heterodyning for mmWave upconversion has been investigated. Firstly, an expression for
the system SNR was derived in terms of the PSD of each noise source. The impact of each
noise source was then studied considering different parameters that influence the noise
contribution. For high RIN values about -135dB/Hz, RIN dominates the system noise,
thereby masking all other noise contribution. In addition, ASE noise is within the limit of NF
and it is dependent on optical power at the EDFA input. Therefore, it can be concluded that
for high optical power and consequently, low RIN values, the system performance is limited
by laser phase noise and its interaction with CD. While the effect of laser phase noise can be
reduced by increasing subcarrier bandwidth, the impact of CD increases with signal
bandwidth. It was found that SNR degrades by ~1dB for every 10km increase in fibre length.
In addition, an increase in linewidth from 2MHz to 10.1MHz for 100km fibre results in a
reduction in the achievable bandwidth of FBMC from 750MHz to 500MHz. On the other

hand, the maximum achievable signal bandwidth for 10.1MHz linewidth and 40km fibre is
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1.5GHz and 1GHz for OFDM and FBMC, respectively. This implies a 33% loss in SE in
FBMC compared to OFDM. In all investigated transmission scenarios, FBMC exhibits more
sensitivity to noise compared to OFDM.

Finally, system performance in the presence of noise generated by the transmitter and the
transmission channel has been optimised by adaptively modulating the subcarrier based on
the SNR feedback from the UE. Additionally, by combining ISFA with adaptive modulation
the system throughput was significantly increased. Therefore, since noise is mostly intrinsic
to the component, by employing adaptive modulation with ISFA, the maximum achievable
data rate can be scaled in terms of laser linewidth, modulation format and fibre length if laser
heterodyne technique is employed for mmWave upconversion in the future 5G small cell
MFH architecture.
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6. Nonlinear Impairments in Millimeter-Wave 5G

Multi-Service over Fibre Systems

6.1. Introduction

This chapter investigates the impact of PA nonlinearity for mmWave single and multi-service
over fibre systems. The future 5G network is anticipated to support several services, multi-
RATs and provide backward compatibility with legacy services [7, 184, 185]. In the
meantime, the development of 5G-NR is underway, considering coexistence between
multiple RATs and the emerging class of service [14, 15]. Integrating this new class of
service with existing services has been highlighted in the standardisation of 5G NR [14]. An
important issue under consideration is the interference among different services as they are
transported over the same architecture [186, 187]. This is due to OFDM employed in most of
the wireless broadband access is known to exhibit poor spectral containment, thereby
requiring large frequency guard bands to avoid interference among adjacent services. As a
candidate waveform for 5G, FBMC among others has the most superior control of OOB
spectral leakage [133]. Additionally, frequency synchronisation which makes OFDM
challenging in uplink is also relaxed in FBMC [134]. This makes FBMC an attractive
candidate waveform in multi-service/ multi-access systems [134]. To this extent, some
research initiatives have been exploring the possibility of coexistence of multiple RATs
employing FBMC and OFDM in a heterogeneous architecture [48, 104, 121]. While the
results demonstrate the successful transmission of FBMC and OFDM, the effect of
inter-band interference (IBI), which can be severe in multi-service transmission systems, was
not considered. The impact of IBI in OFDM based multi-service systems have been studied
extensively in [66] considering several transmission scenarios, however, such analysis has
not been done for FBMC. As mentioned earlier, several RATs employing different
waveforms may likely coexist on the same infrastructure in the future 5G heterogeneous
access networks. It is, therefore, important to study the impact of IBI among RATs employing
different waveforms. In addition, since DFT-spread-OFDM (DFT-s-OFDM) is employed in
uplink LTE to reduce the effect of PAPR and improve PA efficiency, it will be interesting to
investigate DFT-spread-FBMC (DFT-s-FBMC) in uplink multi-service transmission.

In order to study the effect of PA-induced IBI in multi-service/ multi-RAT transmission
systems, several transmission scenarios are considered for the coexistence of OFDM and
FBMC waveforms in 5G mmWave small cell MFH architecture. The investigated scenarios

depict possible coexistence schemes for both legacy and 5G services.
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6.2. Nonlinear Subcarrier Intermodulation in Multi-Service

Systems

Multicarrier systems are generally sensitive to nonlinear impairments due to their
continuously varying waveform and high PAPR [188-190]. Intermodulation among
subcarriers results in both in-band and out-of-band distortion [191]. The in-band distortion
resulting from third-order IM is the most challenging as it usually has a frequency close to
the signal frequency and thus it cannot be filtered out [192]. On the other hand, out-of-band
distortion occurs at a frequency away from the signal frequency band, hence this can be
filtered out. The even and odd order IMs accounting for out-of-band distortion can be easily
filtered out. However, this could be an issue in multi-service systems, where different
services are allocated adjacent frequency bands. It has been reported that the PSD of OOB
emission is two times the signal bandwidth [66]. Therefore, IBI between two services
depends on their subcarrier bandwidth and their relative amplitudes [56]. The high OOB
spectral leakage in OFDM means large frequency guardband is always inserted between
adjacent services in OFDM based systems to reduce the effect of IBI. FBMC, on the other
hand, exhibits highly suppressed OOB emissions. Based on these characteristics, it is
therefore expected that the sensitivity of both waveforms to IBI will differ.

A simulation testbed was implemented in VPI Transmission Maker® employing MATLAB/
VPI cosimulation technique to investigate the impact IBI in a multi-service over fibre
architecture using laser heterodyning for remote mmWave upconversion. Considering the
employed architecture, PA and MZM are the source nonlinear IMs. Since the impact of MZM
nonlinearity has been studied in chapter 4, evaluations carried out in this chapter focuses
only on nonlinear impairments due to the PA. Therefore, it is important to accurately model

the nonlinear transfer function of the PA.
6.2.1. Power Amplifier Modelling

The PA nonlinearity was characterised in VPI based soft envelope limiter (SEL), due to its
simplicity [193], which assumes linear gain up to an input saturation level. Beyond the
saturation level, the amplified signal is clipped resulting in nonlinear distortion of the input
signal amplitude. The transfer function of the PA can be described as [194]:

Gx(t), x(t) <V,

ly@®)| = (6.1)
Vo, x(t) >V,

where |y(t)| is the magnitude of the output signal envelope, G is the small signal gain of the

PA, x(t) is the envelope of the input signal and V, is the saturation level.
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Figure 6.1: PA nonlinearity modelling in VPI

The VPI model of a PA exhibiting input saturation is depicted in Figure 6.1. The first module
provides a linear gain to the input signal and adds noise. The second module is the
nonlinear element which sets limiting function by clipping the input signal level and
consequently, distorting the signal amplitude as the input power increases. The third module
represents the frequency response. Since the focus here is the amplitude distortion of the
input signal, the frequency response is assumed to be flat over the range of signal
bandwidth. A single tone was used to characterise the AM/AM conversion of the PA having a
small signal gain of 30dB. Figure 6.2 shows the AM/AM conversion of the PA with a single
tone excitation for different input saturation levels. It can be seen that the input-output
relationship is linear up to around -30dBm input power, after which the PA gradually tends
towards the compression region. The transition from the linear regime to the saturation point
is dependent on V.
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Figure 6.2: AM/AM conversion of the PA
For instance, two-tone excitation is described in Figure 6.3, where the two fundamental
frequencies represent two subcarriers from one service. It can be seen that the two
subcarriers after passing through a nonlinear PA will generate both in-band distortion and

out-of-band distortion. The IMD represents the in-band distortion which is formed by 2f; — f>
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and 2f; — f1. The second and third harmonics result in OOB distortion. The third harmonic is
of particular interest in the multi-service systems since it will be closer to the fundamental

frequency of the adjacent service.
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Figure 6.3: Frequency-domain response of nonlinear PA with two-tone excitation
It should be noted that the amplitude of the generated IM products depends on the
amplitude of the fundamental frequencies which in this case are the subcarriers, whereas,
the frequency is dependent on the sum/difference of the subcarriers. Therefore, high
amplitude service will most likely generate higher out-of-band distortion which will
consequently become in-band distortion to the adjacent low amplitude service. In the next
section, the impact of IBI as a result of PA nonlinearity is investigated considering the
simultaneous transmission of multiple IF services over fibre with remote mmWave

upconversion

6.3. Impact of PA Nonlinearity in Millimetre-wave IF over
Fibre Upconversion using Laser Heterodyning

In order to evaluate the impact of PA nonlinearity on the proposed architecture, it is
important to consider different transmission scenarios. Since several works have studied
nonlinear impairments in OFDM based services, the main focus here is to investigate 1Bl due
to PA nonlinearity in a multi-service over fibre systems with remote mmWave upconversion.
For all transmission scenarios, OFDM and FBMC waveforms were transmitted in order to
compare their performance. Table 6-1 lists the scenarios considered in the evaluation of PA-
induced distortions in multi-service multi-RAT mmWave architecture.

In scenario 1, OFDM and FBMC were transmitted separately over the architecture and the
input power of the PA was swept to evaluate the effect of in-band distortion on the
transmitted waveform. To emulate non-contiguous CA, two OFDM services having the same
bandwidth were transmitted simultaneously in the second scenario. To compare the
performance of FBMC with OFDM in multi-service transmission, the FBMC waveform was

transmitted using the same configuration in scenario 2. In scenario 3, the bandwidth of

105



service 2 was reduced to half the bandwidth of service 1 to study the effect of IBI when the
services have different bandwidths. In scenario 4, the possible coexistence of different RATs
employing different waveforms was investigated to evaluate the effect of 1Bl between OFDM
and FBMC.

Table 6-1: Scenarios used to investigate PA-induced IBI in multi-service mmWave MFH

No. of Service | Service FFT Data BW CF GB
Scenario | Services 1 2 Size Subc. (MHz) (GHz) (MHz)
FBMC
- 4096 128 250 0.625 -
1 1 OFDM
FBMC FBMC 128/ 250/ 0.625/
2 2 OFDM | OFDM 4096 128 250 1.625 750
FBMC FBMC 128/ 250/ 0.625/
3 2 OFDM | OFDM 4096 64 125 1.5625 750
FBMC OFDM 128/ 250/ 0.625/
4 2 OFDM FBMC 4096 128 250 1.625 750

In the three multi-service investigations, the input power of service 1 was swept while the
input power of service 2 was fixed. In that way, out-of-band emission from service 1 results
in 1Bl to service 2. The subcarrier spacing and frequency guardband between the two

services was fixed for all evaluations.
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Figure 6.4: Simulation setup for the multi-service over fibre with remote mmWave

upconversion
Figure 6.4 shows the schematic employed for simulation in scenario 2 - 4. The schematic
earlier used in chapter 5 was employed for the first scenario since only one service was

transmitted. As previously, the waveforms were programmed in MATLAB and loaded onto
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separate DAC sampling at 8GSa/s via the cosimulation module. An electrical attenuator was
used to adjust the power of the signals before they were combined and fed into the PA. The
PA as described in section 6.2.1 has a small signal gain of 30dB. After amplification, a LPF
was used to remove aliasing from the DACs. Subsequently, the combined signal was
applied to two arms of the DEMZM with /2 phase shift through a hybrid coupler as shown
in Figure 6.4. The OLO was coupled with the OSSB output of the MZM and amplified by an
EDFA before it was sent over 20km fibre. A VOA was used to fix the input optical power at
+1dBm. For such fibre distance, the effect of CD is negligible. In addition, as seen in chapter
5, noise added by the PD can be ignored at +1dBm input optical power. Therefore, system
impairments are expected to be dominated by the PA nonlinearity. At the UE, the IF signal
after ED, was amplified by a LNA, after which it was fed into a duplexer to extract each
service from the composite signal. Subsequently, the extracted signals were converted to
digital samples by a 64GSa/s ADC before passing to MATLAB for offline DSP via the cosim
module. The system parameters used in the simulation are listed in Table 6-2.

Table 6-2: System parameters used in the simulation

Parameter Value Parameter Value
Signal Bandwidth 250MHz Laser Linewidth 100kHz
Total IFFT/FFT 4096 Laser RIN -155dB/Hz
Data Subcarriers 128 Laser Power 10dBm
Modulation 16QAM MZM Insertion Loss 5dB
CP (OFDM) 0 MZM Extinction Ratio 35dB
K (FBMC) 4 Fibre Length 20km
DAC/ADC Sampling Rate 8 /64GSa/s Fibre Dispersion 17ps/(nm.km)
DAC/ADC Resolution 10bits Fiber Attenuation 0.2dB/km
Thermal Noise 10x10-12A/H1/2 EDFA Noise Figure 5dB
PD Responsivity 0.68A/W

In order for the SE of OFDM and FBMC to be comparable, the OFDM waveform was
generated without CP. Moreover, there was no significant difference in the received EVM
after 20km fibre when compared to BTB transmission. The nonlinear impairment was

evaluated by observing the EVM as a function of the PA input power.

6.3.1. Scenario 1

Scenario 1 studies the effect of PA nonlinearity on a single service considering OFDM and
FBMC, respectively. The waveforms were transmitted separately using the same

configuration and the received EVM as a function of the PA input power was observed.
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Figure 6.5: (a) EVM as a function PA input power for OFDM and FBMC (b) PSDs of FBMC and
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Figure 6.5 shows the EVM plot as the input was swept between -50dBm to -5dBm, the EVM
increases slightly with an increase in the input power between -50dBm and -30dBm. Beyond
this point, the EVM increased sharply as the PA starts to introduce significant distortion to
the input signal. Observe that FBMC exhibits higher sensitivity to PA-induced in-band
distortion which can be attributed to the high PAPR and the OQAM modulation scheme
employed [193, 195]. The PSDs and corresponding constellation at points labelled (i) to (iv)
are shown in Figure 6.5 (b). In addition, the fact that PSD of OOB emission is 2x the signal
bandwidth can be observed, as its spectrum extending outside the signal bandwidth on
either side is equivalent to the signal bandwidth. This is noticeable in FBMC from -30dBm
PA input power but it only becomes obvious in OFDM at -5dBm. As can be seen from Figure
6.5, the EVM value of FBMC is 4% worse than OFDM. This implies that FBMC is more
sensitive to PA-induced nonlinearity than OFDM.

Since the OOB emission will most likely extend to the signal spectrum of the adjacent signal
in a multi-service scenario, subsequent investigations consider the coexistence of

multi-service.

6.3.2. Scenario 2

In this scenario, the effect of IBI on service 2 is investigated. The input power of service 1
was swept between -50dBm and -25dBm in 5dB step, while the input power of service 2 was
fixed at -50dBm.
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Figure 6.6: EVM as a function of input power of service 1
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By fixing the input power of service 2, it experiences IBI as the input power of service 1
increases, driving the PA into the nonlinear regime. This means that OOB distortion from
service 1 will result in IBI to service 2. As shown in Table 6-1, service 1 and service 2 have
the same bandwidth and the guard band between the two services was set to 750MHz,
which is 3 times the signal bandwidth. The two services are from the same RAT, either
OFDM or FBMC.

Figure 6.6 shows the EVM of service 1 and service 2 as a function of the input power of
service 1. Service 2 experiences high IBl as the input power of service 1 was increased,
resulting in significant EVM degradation. It can be seen from Figure 6.6 that both OFDM and
FBMC will introduce IBI to adjacent services in a multi-service transmission scenario. This
implies that the benefit of low OOB emission, and consequently, low IBI in FBMC cannot be
achieved when the PA is driven in the nonlinear regime. Next, it will be shown that the
impact of PA-induced IBI on the system performance depends on the bandwidth of

participating signals.

6.3.3.Scenario 3
In order to study the dependence of IBI on the signal bandwidth, the number of data
subcarriers in service 2 was reduced to 64. As a result, the bandwidth of service 2 is half the

bandwidth of service 1 and the guard band was kept constant.
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Figure 6.7: EVM as a function of input power of service 1
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As previously, the performance of FBMC and OFDM was compared for this configuration.
Figure 6.7 shows the received EVM as a function of the input power of service 1. The EVM
of service 2 is 9.3% and 10.6% for FBMC and OFDM, respectively. Compared to the EVM in
scenario 2 where the bandwidth of service 2 was 250MHz, the EVM reduced by 10% for
both waveforms. This is because most OOB distortion from service 1 fall out of the signal
bandwidth of service 2, therefore, service 2 experiences less IBI from service 1. The result
demonstrates that the impact of IBI on adjacent low input power service is dependent on the
bandwidth of participating signals. Next scenario investigates the coexistence of FBMC and
OFDM and their interaction due to IBI.

6.3.4. Scenario 4

This scenario studies the coexistence of FBMC and OFDM deployed as multi-service signals
in a common infrastructure. An example could be a new class of service from different RATs
coexisting in the same 5G architecture. The bandwidth of service 1 and service 2 is the
same (i.e. 250MHz).
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Figure 6.8: Coexistence of FBMC and OFDM in multi-service transmission scenario

The input power of service 1 was swept between -50dBm and -25dBm. FBMC was deployed
as service 1 while OFDM was deployed as service 2. OFDM was also deployed as service 1
while FBMC was deployed as service 2 to enable a fair comparison between the waveforms

in terms of sensitivity to 1Bl when they are transmitted together. Figure 6.8 shows the EVM
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as a function of the input power of service 1 for FBMC and OFDM, respectively. Both
waveforms exhibit similar EVM performance as service 1. However, due to the large OOB
emission in OFDM, FBMC when deployed as service 2 experiences high IBI, resulting in
significant EVM deterioration. On the contrary, the much stepper roll-off of OOB emission in
FBMC means less IBI is experienced by service 2 based on OFDM, which is clearly seen in
Figure 6.8. As it can be observed from Figure 6.8, the EVM of service 2 at -30dBm input
power of service 1 is 13.8% and 7.3% for FBMC and OFDM, respectively. This implies that
FBMC can coexist with services from different RATs at moderate powers without any

significant impact on system performance.
6.4. In-band Deployment of LTE Service in 5G Service

In this section, a unique transmission scenario is investigated where legacy service such as
LTE is integrated with a wideband signal. In this case, the bandwidth and carrier frequency
of the legacy service is fixed. Previous investigations considered wideband signals having
bandwidth >200MHz, enabled by the huge spectrum available in the mmWave band. The
coexistence of these wideband signals with legacy services such as LTE is a key direction in
the next phase of 5G-NR standardisation [14]. For example, one way by which narrowband-
IoT (NB-10T) service can be deployed in the present LTE systems as specified in the 3GPP
Rel. 13 standard is to deploy the NB-1oT service in-band LTE service [196]. To better utilise
the available spectrum, the aforementioned concept is adopted here to access the
coexistence of multiple services over the same architecture. To achieve this, a spectral hole
is created during the baseband signal generation of the 5G wideband signal, corresponding
to the carrier frequency of the legacy service. This will allow seamless integration of legacy
service such as LTE with 5G wideband signal. Notably, the large OOB emission in OFDM
which is employed in LTE will impact the combined signal. It will, therefore, be interesting to
examine the effect of IBI within the architecture. To this extent, an LTE-like signal having 128
data subcarriers and 15MHz bandwidth was programmed in MATLAB and deployed as
service 2 in the architecture shown in Figure 6.4. FBMC and OFDM waveforms are deployed
as service 1 at different times to evaluate their performance with LTE signal. A total of 128
subcarriers are used for data in service 1 resulting in 500MHz bandwidth and 3.90625MHz
subcarrier spacing. The subcarrier spacing of service 1 is 32 times the subcarrier spacing
service 2 which is 122kHz. Thus, the LTE signal is a NB service w.r.t to service 1. In that
case, 4 subcarriers in service 1 correspond to the whole bandwidth of service 2. The
subcarrier allocation of service 1 was selected such that it is centred at 2.5GHz. Also, the
centre frequency of the LTE signal was set to 2.5GHz. This implies that the in-band LTE

signal is symmetric around the centre frequency of service 1.
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First, the input IF power to the PA was set to -50dBm and -60dBm for service 1 and service
2, to investigate the required number of nulled service 1 subcarriers that will be sufficient as
guardband on either side of the LTE signal.

Figure 6.9 shows the EVM as a function of nulled subcarriers around the LTE signal when
FBMC and OFDM are employed as service 1 (see Figure 6.10). The drawback in employing
OFDM for seamless multi-service transmission is clearly seen here as it requires about 28
subcarriers to avoid interference from the LTE signal. This is as a result of a strict frequency
synchronisation requirement in OFDM. Conversely, only one subcarrier guardband is
required in FBMC to achieve seamless integration of the LTE signal. While this true when
the power ratio between the two signals is well-balanced, it is not the case in the presence of

PA nonlinearity. Therefore, 28 subcarriers are used as a guard band for subsequent

Investigations.
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Figure 6.11: PSD of the Integrated Service before and after the notch filter (a) FBMC (b) OFDM
Next, the impact of IBI between the two services was studied by varying the power of one

service while the input power of the other service is fixed.
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Figure 6.12: EVM as a function power difference between service 1 (FBMC and OFDM) and LTE

signal as input power of LTE signal increased from -60dBm to -40dBm and the input of Service

is fixed at -50dBm
Prior to processing the received signal in MATLAB, 465-tap notch filter was implemented in

MATLAB using a Kaiser window to reject the LTE signal from the combined signal [186].
Similarly, a 185-tap BPF was used to extract the LTE signal before demodulation. The high
filter order is due to the sharp roll-off requirement to avoid suppressing the sidelobe of the

adjacent signal. The guardband can be increased to further relax the filter order
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requirements. The PSD of the wideband signal is plotted in Figure 6.11 before and after the
notch filter for FBMC and OFDM, respectively. It can be seen that the NB signal is fully
rejected after the notch filter with almost 50dB attenuation.

The input power of the LTE signal was then swept between -60dBm and -40dBm while the
input power of service 1 was fixed at -50dBm. The EVM as a function of the power difference
between service 1 and the LTE signal is shown in Figure 6.12. Observe that EVM of LTE
at -10dBm power difference is 4.4% lower when integrated with FBMC compared to when
integrated with OFDM. This is due to lower OOB emission in FBMC as the effect of PA
nonlinearity has yet to influence the system performance. Further, the effect of enlarged
OOB emission in the OFDM based LTE signal can be seen significantly impacting the EVM
of FBMC as the power difference approaches +10dBm. In the same way, the input power of
service 1 was swept between -50dBm and -30dBm while the input power of the LTE signal

was fixed at -50dBm.
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Figure 6.13: EVM as a function power difference between service 1 (FBMC and OFDM) and LTE
signal as input power of service 1 increased from -50dBm to -30dBm and the input of LTE is

fixed at -50dBm
Figure 6.13 shows the EVM as a function of the power difference as the input power of

service 1 was swept. Notice that the LTE suffers severely from IBI when OFDM was
employed as service 1, whereas IBI is greatly reduced when FBMC was employed as
service 1. The EVM of LTE increased by 17.5% as the input power difference with OFDM
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increased from 0dBm to 20dBm while it only increased by 7.5% with FBMC. This is
consistent with the previous results as FBMC contribute minimal interference to adjacent
service thanks to the highly suppressed OOB emission. Even in the absence of PA
nonlinearity, a large guardband is required in OFDM due to its sensitivity to guardband
spacing as shown in Figure 6.9. Therefore, OFDM appears to be less efficient in terms of
spectrum utilisation in a multi-service transmission scenario. FBMC, on the other hand,
shows good spectral containment which means it contributes less IBI to adjacent service.
However, as shown in previous results, this advantage vanishes when PA nonlinearity
comes into play. To demonstrate the benefit of FBMC, the number of guardband subcarriers
was reduced to 16 and the power difference between service 1 and the LTE signal was set
to 0dBm. Service 1 was then transmitted with and without in-band LTE signal to evaluate the

impact of the LTE signal on service 1.
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Figure 6.14: EVM as a function of received power for FBMC and OFDM with and without
in-band LTE
The EVM as a function of received optical power after 20km fibre is shown in Figure 6.14

considering FBMC and OFDM with and without in-band LTE. The impact of IBI can be
noticed by observing the difference in the EVM of OFDM with and without the in-band LTE.
The EVM performance of FBMC with in-band LTE is 1.5% higher than the EVM without
in-band LTE at +1dBm received power. This reveals that FBMC picks up much less IBI and
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also contribute minimal IBI to the LTE signal. Note that the PA is assumed to be operating in
the linear regime here.
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Therefore, the result suggests that FBMC can comfortably coexist with legacy services in the
future 5G heterogeneous access networks. This benefit can be exploited for a seamless
multi-service transmission in the below 6GHz as well as the mmWave frequency bands. The
received constellation and corresponding EVM at +1dBm received optical power for FBMC
and OFDM with and without in-band LTE is shown in Figure 6.15.

In the same way, the EVM of LTE deployed in-band FBMC and OFDM is plotted in Figure
6.16. Although the EVM performance is generally limited at low received powers by PD
noise, the fact that IBI from FBMC to the in-band LTE signal is significantly reduced is

obvious as the received optical power increased.

6.5. Impact of PA Nonlinearity in Uplink Multi-User Access
Systems

The impact of PA in uplink multi-user access is investigated in this section. For simplicity, the
uplink signals are not generated at mmWave frequency but at IF and transported via optical
fibre to the CO for uplink Rx DSP. DFT-s-OFDM and DFT-s-FBMC are employed for the
evaluation. The subcarrier allocation follows the localised FDMA technique. It should be
noted that DFT-s-FBMC has been reported to have higher PAPR[148], which will be further
increased by using IAM preamble [142] for CE.
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Figure 6.17: EVM as a function of PA Input power for DFT-s-FBMC and DFT-s-OFDM uplink

signals
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In order to reduce this effect, both waveforms were hard-clipped in MATLAB before being
passed to the DAC. The PAPR is 11.5dB and 13.5dB for DFT-s-OFDM and DFT-s-FBMC,
respectively. Another phenomenon that common in uplink multi-user transmission is timing
misalignment between the uplink signals, leading to loss of orthogonality and consequently
ICl [134, 157, 197]. Here, the multiband uplink signals are assumed to be perfectly
synchronised in time. Also, frequency bandgap equivalent to the signal bandwidth is inserted
between the two bands to emulate non-contiguous CA.

Figure 6.17 shows the EVM as a function PA input power for both waveforms considering 1
and 2 bands uplink transmission. Again, DFT-s-FBMC shows more sensitivity to PA
nonlinearity compared to DFT-s-OFDM. However, the EVM performance of both waveforms
is similar in the linear regime between -60dBm and -30dBm. This is comparable to Figure
6.5, where FBMC and OFDM are employed in the downlink. However, the difference in EVM

is due to the noise added during mmWave upconversion in the DL transmission.
6.6. Summary

In this chapter, the impact of PA-induced IBI in a multi-service over fibre systems has been
investigated, considering FBMC and OFDM waveforms. Several coexistence scenarios were
considered and the performance of the participating services was evaluated based on the
received EVM as a function of the input power to the PA. In a single service transmission
scenario, FBMC exhibits higher susceptibility to PA nonlinearity compared to OFDM. In
addition, the spectral regrowth in FBMC is much faster as the PA was being driven to the
nonlinear regime. In a two service transmission scenario, FBMC and OFDM were deployed
as either service 1, service 2 or both and the input power of service 1 was increased relative
to the input power of service 2 to assess the impact of IBI on service 2. FBMC and OFDM
show similar performance when deployed as service 1 and 2, having the same bandwidth as
well as when the bandwidth of service 2 was reduced to half the bandwidth of service 1.
However, EVM performance improved by 10% when the bandwidth of service 2 was
reduced relative to service 1. This is because most IBI from service 1 fall outside the
bandwidth of service 2. Subsequently, FBMC was deployed in service 1 while OFDM was
deployed in service 2 and vice versa to investigate the impact of 1Bl on both waveforms. The
enlarged OOB emissions in OFDM due to PA nonlinearity results in significant 1Bl and thus,
degrading the EVM of FBMC. However, the significantly suppressed OOB spectral leakage
plays an important role as FBMC introduced much lesser IBI to OFDM, even in the presence
of PA nonlinearity.

A novel multi-service transmission scenario was investigated where LTE was deployed
in-band a 5G service. The concept is based on the 3GPP Rel.13 standard which allows

NB-loT to be deployed in-band LTE signal. The LTE signal deployed in-band 5G service
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emulates the NB since the bandwidth is significantly small compared to the 5G service.
OFDM shows much higher sensitivity to guardband, requiring 28 subcarriers to avoid
interference with the LTE signal, whereas, 2 subcarriers was sufficient in FBMC to achieve
IBI free in-band deployment of LTE signal. Furthermore, FBMC introduces far less IBI to the
LTE signal compared to OFDM. However, since FBMC is more sensitive to in-band
distortion, the EVM is more degraded compared to OFDM as the input power of LTE
increased. To exploit the benefit of low OOB emissions in FBMC, the PA was operated in the
linear regime and guardband was reduced to 16 subcarriers. FBMC and OFDM were
transmitted with and without in-band LTE and their EVM performance compared. At optimum
received optical power of +1dBm, 1.5% EVM degradation was observed in FBMC while the
EVM degradation in OFDM was 7.7% with in-band LTE. Despite the sensitivity of FBMC to
phase noise of the mmWave generators employed in the architecture, the result shows that
FBMC can coexist seamlessly with both legacy and new services in the 5G heterogeneous
access network.

Finally, the impact of PA nonlinearity in uplink multi-user transmission system has been
investigated employing DFT-s-OFDM and DFT-s-FBMC. Both waveforms show similar EVM
performance when the PA was operated in the linear regime. As the input power increased
and the PA nonlinearity comes into play, the EVM performance gets worse with
DFT-s-FBMC showing more sensitivity to the PA nonlinearity.
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7. Coexistence of Multiple 5G Services in a

Photonic Millimetre-wave Mobile Fronthaul

7.1. Introduction

In this chapter, a novel scheme is proposed and demonstrated to simultaneously generate
multiple mmWave signals at O/E conversion, using only one OLO for heterodyning multiple
DL optical signals. In the previous works reported in [90, 110, 111, 120, 151, 198-200], a
single mmWave signal was generated using laser heterodyne technique. Recently, an
optical-domain band-mapping technique was proposed [103], where IF signals were
modulated on different light sources, which were then combined for optical transmission. The
IF signals were translated to carrier-aggregated mmWave signals after O/E conversion. The
demonstrated technique will, however, result in a scalability problem as a new light source is
required every time a new service is added. In [201], the simultaneous generation and
transmission of 24GHz and 96GHz mmWave signals was reported. The LO for mmWave
upconversion was remotely delivered, extracted at the RRH by an optical BPF,
photodetected and subsequently used to upconvert the IF signal to mmWave. However, the
RRH configuration significantly increases the system complexity. Moreover, electronic LO is
required to downconvert the mmWave to IF at the UE which may be subject to phase noise.

The proposed architecture is based on simple remote optical heterodyning of two or more
optical carriers to generate mmWave signals. By employing all optical upconversion to
realise mmWave carriers, the proposed architecture presents the benefit of reduced
implementation cost as different 5G services can coexist in a shared MFH infrastructure. In
addition, the architecture is easily scalable and completely reconfigurable, allowing seamless

integration of services as needed.

7.2. Simultaneous Generation of Multiple Millimetre-wave
Signals based on Optical Heterodyning

The C-RAN architecture is depicted in Figure 7.1, showing the integration of mmWave 5G
small cells into the MFH. Note that ARoF is employed for the MFH to avoid the huge data
rate requirements in CPRI-based MFH. Due to high propagation loss at mmWave
frequencies, a large number of mmWave small cells will be required to provide coverage and
capacity in dense urban areas and locations with temporary traffic surge, such as stadiums.
As can be seen from Figure 7.1, each mmWave small cell in the MFH is connected to the

BBU pool in the CO via optical fibre. This will increase the cost of deploying the small cells,
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thus, making the application of densely spaced 5G mmWave small cells in MFH challenging.
In order to reduce the number of optical fibre trunk, WDM technology can be deployed in
MFH [17]. Figure 7.2 (a) shows the WDM multiplexer and demultiplexer. The 25GHz and
50GHz ITU-T frequency grid for dense WDM (DWDM) are depicted in Figure 7.2 (b) and
Figure 7.2 (c), respectively. As shown in Figure 7.2 (b) and Figure 7.2 (c), multiple DL
signals are carried on different wavelengths and multiplexed in the CO. At the remote node,
the DL signals are demultiplexed and converted to an electrical signal before wireless
transmission. In the example depicted in Figure 7.2 (b) and Figure 7.2 (c), the frequency
plan is such that three mmWave signals 28GHz, 38GHz, and 60GHz are generated at the
RRH for the 5G small cell MFH. As can be seen from Figure 7.2 (b), in the case of 25GHz
DWDM grid, A1, A2, and A4+ are modulated with DL signal and the three wavelengths are

separated from Az by the desired mmWave frequency.

- Macro Cell 3G mmWave
Micro Cell Small Cell

Figure 7.1: The proposed concept of multi-service and multi-operator coexistence in a shared
MFH infrastructure

At the RRH, A1, A2, and A4 combine with Az individually at O/E conversion to generate the
mmWave signals in a heterodyne upconversion. In the case of 50GHz DWDM grid shown in
Figure 7.2 (c), due to the wider available bandwidth within each frequency grid and
depending on the desired mmWave carrier frequency, the wavelength assignment is
different from the 25GHz grid. Also, wider frequency grids such as 100GHz can be utilised,
with proper wavelength assignments. In that way, multiple DL signals will be assigned to one
WDM channel since the WDM channel filters are chosen according to the wavelength
spacing of the adjacent channels. The WDM channel filter will separate each DL signal or

group of DL signals from the adjacent channel as shown in Figure 7.2 (c) and Figure 7.2 (d),
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respectively, as long as the centre emission frequency of the lasers falls within the
bandwidth of that channel.

Moreover, low-cost coarse WDM (CWDM) can be employed to reduce deployment cost.
However, DWDM offers more granularity in terms of flexibility of wavelength assignments
and scalability since more channels are available (e.g., 160 channels for 25GHz frequency
grid). In addition, network monitoring and maintenance can be more achievable with DWDM.
Although, the cost of deploying the mmWave small cell solution for 5G MFH is increased by
employing DWDM technology, with the need for power supply in the remote node, the
benefit of reducing the number fibre trunk while increasing the capacity of MFH is significant.
Furthermore, wavelength drifts due to change in laser current and temperature is not an
issue as the WDM channel width is reduced (e.g., 25GHz) since ARoF is employed to
transport the DL 5G services having bandwidths much smaller compared to the WDM

channel width.
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Figure 7.2: Frequency Plan and Multiplexing of multiple services coexistence in a shared MFH
infrastructure (a) WDM Multiplexer and Demultiplexer (b) 25GHz DWDM grid (c) 50GHz DWDM
grid (d) Nx1 Port WSS

Alternatively, a reconfigurable WSS can be used in case of dedicated fibre infrastructure to
dynamically aggregate the DL signals before feeding into an optical fibre for MFH
transmission. As shown in Figure 7.2 (d), each DL optical signal is fed into Nx1 WSS and
aggregated before they are transported via optical fibre to the RRH. Since the WSS channel
is compatible with the DWDM frequency grid, DWDM can be seamlessly integrated as the
network capacity increases. In the proposed architecture, WSS is used to aggregate the DL
5G services before optical fibre transmission to the RRH. The optical source, serving as LO
for mmWave upconversion can be generated in the CO and delivered alongside the DL

signals, or in RRH, using the UL light source.
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By delivering the LO from the CO, the complexity of the RRH is further reduced. However,
the LO will suffer transmission impairments, and thus degrade the system performance. If
the same optical carrier is to be used for UL transmission, optical amplification will be
required in the RRH. Using the UL light source as LO will improve the receiver sensitivity
and since an optical carrier is needed for UL transmission, the increase in complexity as a
result of placing an OLO in the RRH can be justified. In addition, multiple UL services can
share the same optical source. In the UL transmission, mmWave signals from the UEs are
received by the antennas, downconverted to IF and combined to modulate the UL optical
carrier which is then fed into WDM channel for UL transmission to the CO. Multiple WDM
channels can be allocated for UL transmission depending on the number of supported
services.

Notably, the proposed RoF implementation of 5G mmWave small cell MFH compared to the
conventional CPRI-based MFH significantly reduces the CAPEX/OPEX since multiple
services and operators can coexist in the MFH network. Moreover, by employing an
all-optical upconversion technique to generate mmWave carriers, the complexity associated
with multiple upconversion stages in the electrical domain as well as the stringent phase
noise requirements at high frequencies are relaxed.

7.3. Simulation Setup

To demonstrate the feasibility of the proposed architecture, an end-to-end simulation test-
bed was implemented in industry standard VPl Transmission Maker® v9.8 in cosimulation
with MATLAB software. Figure 7.3 shows the schematic for the simulation implemented in
VPI Transmission Maker®. The components used in VPl such as lasers, MZM and
amplifiers have been characterised and their parameters were set to closely match
commercially available components. Therefore, the simulation setup can be used as a basis
for experimental testbed since the platform presents more flexibility, allowing investigations
to be carried out for various transmission scenarios, which may be challenging in practice
due to hardware limitations.

As shown in Figure 7.3, three IF signals were used to modulate three tunable DFB lasers
having 1MHz linewidth. The centre emission wavelength of the lasers is 1552.524nm,
1552.605nm, and 1552.750nm. The UL laser centre emission wavelength is 1552. 299nm.
These wavelengths were set to closely match the 25 GHz DWDM ITU-T flexi-grid. Although
these wavelengths were set to have frequency difference from the LO laser equivalent to
28GHz, 38GHz and 60GHz mmWave carrier frequencies, it is important to note that the
wavelength of the lasers can be detuned from the LO laser wavelength to achieve another

frequency difference between the optical carriers to realise different mmwWave carriers.
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Compared to generating the mmWave carriers using multiple stage electrical upconversion,
needing precise frequency synchronisation, and expensive PLL to align the phase of the
electrical LOs [202], free running lasers are employed in the proposed small cell MFH
architecture, for an all-optical heterodyne upconversion. Since data is not encoded on the
carrier phase, coherent downconversion is avoided and thus, expensive PLLs are not
required. Therefore, an inexpensive ED, which only detects the amplitude variation of the
signal, is employed in the UE for mmWave downconversion.

The IF signals used to modulate the lasers in the MZMs were programmed in MATLAB
representing 5G services which could be from multiple operators. An OSSB signal was
generated in each case by applying a 90° phase shift to one arm of the DE-MZM, biased at
quadrature point to ensure maximum linearity. By generating OSSB signal at E/O
conversion, the effect of fibre CD is reduced which can potentially allow longer fibre length
for the MFH. As illustrated in Figure 7.3, a WSS was used to combine the signals before
optical amplification by an EDFA. An optical attenuator placed after the EDFA was used to
keep the optical launch power at 9dBm, to avoid fibre nonlinearities. Subsequently, the
aggregated DL signals were transported over SMMF for 40km to the RRH where the UL
laser was combined with the DL signals before feeding into the PD for optical heterodyning.
The 40km fibre length is considered since it has been proposed as the maximum fibre
distance that can be supported by MFH [203]. The 28GHz, 38GHz, and 60GHz were
employed in the investigation since they have been highlighted as potential carrier
frequencies for 5G RATs. However, other mmWave frequencies can be generated by
detuning the wavelength of the DFB lasers from the OLO wavelength. Due to the square law
characteristics of the PD, unwanted beat signals are generated from the mixing of the
modulated optical carriers, besides the desired beat with the OLO. These unwanted signals
can fall within the useful bandwidth of the desired mmWave signals, thereby causing
interference and degrading the system performance. By properly tuning the centre emission
wavelength of the DFB lasers and generating an OSSB signal at E/O conversion, these

interfering signals spectrum can be prevented from falling within the useful signal spectrum.
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For instance, the beating of A1 and A; generate an unwanted signal at around 30GHz; close
to the desired 28GHz. In the simulation analysis, various system noise components,
including RIN, thermal noise, shot noise and ASE noise were considered. Also, in practical
implementation, power loss due to splice and coupling will need to be taking into account
and depending on the application scenario, an optical pre-amplification may be required to
boost the receiver sensitivity. Finally, fibre nonlinearities, such as cross-phase modulation
(XPM) and self-phase modulation (SPM), do not impact the system performance, due to low
optical launch power, short fibre length and low data rate considered in the investigation.
After O/E conversion, electrical BPFs centred at the desired mmWave frequencies select
the services from the composite signal and a 30dB gain PA was used to amplify each of the
mmWave signals before applying the signals to the antennas for up to 2m wireless
transmission. Note that several mmWave transmissions scenarios have been studied
extensively in the wireless domain, considering longer wireless transmission distance [204-
206]. In order to emphasise the impact of optical transmission impairments in MFH on the
mmWave 5G services, particularly the increased laser phase noise effect on the detection
performance, only the Free Space Path Loss (FSPL) was accounted for in our investigation.
An electrical attenuator was used to emulate the FSPL, and the difference in FSPL between
the 28GHz, the 38GHz and, the 60GHz at 2m were kept constant by adjusting the transmit/
receive antenna gains accordingly. Additionally, to focus on the impact of MFH transmission
on the system performance, the FSPL was assumed to be fully compensated at the UE by
an LNA. As shown in Figure 7.3, UE1, UE2 and UE3 receive the mmWave signals at
28GHz, 38GHz and 60GHz, respectively and downconvert the signals to IF using an ED.
Subsequently, the signals were converted to digital samples before being fed to MATLAB for
offline signal processing. For the 5G RATs, OFDM and FBMC were employed for the
investigation since they are the most common candidate waveforms for 5G.

For a fair comparison, both waveforms were implemented with similar parameters. The IFFT
size was 2048, in which 128 data carriers were modulated with symbol taking from 16QAM
alphabets. In OFDM, 128 CP samples were appended in the OFDM symbols. Whereas, the
subcarrier pulse-shape function in FBMC was designed based on PHYDYAS prototype filter
with overlapping factor K = 4, and the PPN scheme ensures FBMC symbol rate is
comparable to OFDM without CP. The system parameters used in the simulation are listed
in Table 7-1. For the CE, one OFDM symbol modulated with 4QAM was appended in every
OFDM frame. The total number of transmitted frames was 20, where each frame consists of
50 OFDM symbols and 1 preamble symbol. Since orthogonality is only guaranteed in the
real-field, FBMC symbols suffer IMI at the output of the AFB [142]. Therefore, IAM preamble
was appended in each FBMC frame, consisting of 50 FBMC symbols. These preambles

were extracted at the receiver to estimate the channel response. By taking the advantage
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that channel transfer function is usually highly correlated for adjacent subcarriers, ISFA was
employed to enhance the CE. Subsequently, the enhanced channel matrices of the
modulated subcarriers were used for ZF equalization, to undo the channel effects. The QAM
symbol demapping and EVM computation were performed successively in OFDM receiver
after ZF equalisation. In the FBMC receiver block, OQAM Post processing was done prior to
QAM symbol demapping and EVM computation.

As shown in chapter 4, the dynamic range of laser heterodyne architecture can be limited by
laser phase noise, and since the implementation and configuration of the transceivers are
different, it should be expected that the waveforms will exhibit different performance with
respect to transmitter nonlinearity and transmission impairments. Moreover, the increased
number of optical tones heterodyning at the PD will significantly increase the effect of laser
phase noise on the receiver sensitivity. To evaluate the impact of laser phase noise on the
system performance, two laser configurations: ECL-ECL and DFB-DFB having an
approximately combined linewidth of 200kHz and 2MHz were considered in the simulation.

Table 7-1 System parameters used in the simulation

Parameter Value Parameter Value
Signal Bandwidth 500MHz Laser Linewidth 100kHz/ 1MHz
Total IFFT/FFT 2048 Laser RIN -155dB/Hz
Data Subcarriers 128 Laser Power 10dBm
Modulation 16QAM MZM Insertion Loss 5dB
CP (OFDM) 128 MZM Extinction Ratio 35dB
K (FBMC) 4 Fibre Length 40km
DAC/ADC Sampling Rate 8 /96GSa/s Fibre Dispersion 17ps/(nm.km)
DAC/ADC Resolution 10bits Fiber Attenuation 0.2dB/km
Thermal Noise 10x10-12A/H1/2 EDFA Noise Figure 5dB
ISFA Window Size 22 PD Responsivity 0.68A/W

7.3.1. Performance Evaluation for 28GHz and 38GHz

Firstly, ECL lasers having a combined linewidth of 200kHz were employed in the generation
of 28GHz and 38GHz mmWave signal. As shown in Figure 7.3, only A1 and A» were
modulated with IF signals. OFDM and FBMC waveforms were deployed for the 28GHz and
38GHz and vice versa. The IF centre frequency of the 28GHz signal is 1GHz while that of
38GHz is 1.25GHz. Obviously, the mmWave signals will experience different noise level due
to their IF frequencies. Figure 7.4 (a) — (d) shows the optical spectrum before O/E
conversion, electrical spectrum after the PD, 28GHz and 38GHz signals after the BPFs,

respectively.
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Figure 7.4. Spectrums (a) Optical spectrum before the PD (b) Electrical spectrum after the PD
showing 28GHz and 38GHz (c) 28GHz Electrical spectrum (d) 38GHz Electrical spectrum

Figure 7.5 shows the EVM of OFDM and FBMC carried on 28GHz and 38GHz respectively.
As can be observed from Figure 7.5 (a), 28GHz FBMC exhibits worse EVM for low received
powers compared to 28GHz OFDM without ISFA, but the difference in EVM values reduced
as the received power was increased. The EVM is limited at low received powers by a
combination of laser phase noise, RIN, ASE noise and receiver noise. As the received power
increased the EVM error floor was due to laser phase noise. Moreover, the interaction of CD
with the laser phase noise further impacts the EVM performance. However, the EVM
performance of FBMC is almost the same as that of OFDM when ISFA was applied. Figure
7.5 (c) and Figure 7.5 (d) show the received constellation at -7dBm corresponding to 28GHz
and 38GHz for OFDM and FBMC, respectively.

Next, the ECLs were replaced with DFB lasers having combined linewidth of 2MHz, to
investigate the effect of laser linewidth and consequently, laser phase noise on the system
performance. Figure 7.6 shows OFDM and FBMC carried on 28GHz and 38GHz generated
using DFB lasers having 2MHz combined linewidth. As before, 28GHz FBMC shows worse
EVM performance at low received powers but improves as the received power increased.
On the hand, 28GHz OFDM exhibits much better EVM performance at low received powers.
Moreover, 38GHz OFDM shows slightly lower EVM than 28GHz OFDM and 28GHz FBMC

with ISFA at low received power. This can be attributed to the fact that the bandgap between
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the optical carrier and the IF signal is larger for 38GHz mmWave signal and thus, reducing
the impact of laser phase noise. Nevertheless, it can be observed that the EVM of 38GHz
FBMC is still higher than 28GHz OFDM despite the bandgap. Both OFDM and FBMC
service, however, show similar EVM performance when ISFA was applied.
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Figure 7.5: EVM as a function of received power using 200kHz combined laser linewidth (a)
28GHz OFDM and FBMC (b) 38GHz OFDM and FBMC (c) Constellation for 28GHz OFDM and
FBMC at -7dBm received power (d) Constellation for 38GHz OFDM and FBMC at -7dBm

received power

The effect of phase noise can be observed in the received constellations at -7dBm, shown in
Figure 7.6 (c) and Figure 7.6 (d) without ISFA, corresponding to 28GHz and 38GHz,
respectively. The obtained results demonstrate that the CE process can be enhanced by
applying ISFA, to successfully mitigate the effect of noise and CD on the system

performance.
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Figure 7.6: EVM as a function of received power using 2MHz combined laser linewidth (a)
28GHz OFDM and FBMC (b) 38GHz OFDM and FBMC (c) Constellation for 28GHz OFDM and
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7.3.2.Performance Evaluation for 28GHz and 60GHz

To generate 28GHz and 60GHz mmWave signals, A1 and As were modulated with IF signals
from OFDM and FBMC, representing service 1 and service 3, respectively. Here, a slight
modification was made to the IF centre frequency of the 28GHz signal and the centre
wavelength of the optical carrier. This is to avoid the unwanted beating between the OLO
and optical carrier used to generate the 60GHz signal falling on the 28GHz signal spectrum.
The IF signal used to generate 28GHz was shifted down in frequency by 250MHz and
consequently, the IF centre frequency was 750MHz. Also, A1 was detuned by 2GHz, to shift
the carrier away from interference from the unwanted beating. Figure 7.7 (a) — (d) shows the
spectrum before O/E conversion, after the PD, the 28GHz and 60GHz signals after BPFs. It
can be seen from Figure 7.7 (b) that unwanted signal from the 60GHz signal generation falls

close to the 28GHz signal. To avoid the unwanted signal from interfering with the 28GHz
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signal, the phase shift applied to one arm of the DEMZM was set such that the desired
signal is not on the same side with the unwanted signal. Subsequently, BPF was used to
extract the 28GHz signal as shown in Figure 7.7(c). In the same way, the 60GHz signal was
extracted by a BPF as shown in Figure 7.7(d). Two UEs detect the mmWave signals at
28GHzand 60GHz, downconvert to IF and subsequently, fed the signal to the ADC after

which receiver DSP was implemented in MATLAB.
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Figure 7.7: Spectrums at (a) Optical spectrum before the PD (b) Electrical spectrum after the
PD showing 28GHz and 60GHz (c) 28GHz Electrical spectrum (d) 60GHz Electrical spectrum
The EVM as a function of received power is shown in Figure 7.8 for both waveforms at
28GHz and 60GHz, with and without ISFA. The EVM is similar for both waveforms at 28GHz
and 60GHz without ISFA, but when ISFA was employed the EVM of OFDM improved more
than the EVM of FBMC at low received powers. The EVM of OFDM at -15dBm received
power improved by 12% for 28GHz and 60GHz, respectively, while EVM of FBMC only
improved by 6.5%. As can be seen from Figure 7.8, EVM of OFDM is 1% better than that of
FBMC for 28GHz and 60GHz at -7dBm received power both with and without ISFA.
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Figure 7.8: EVM as a function of received power using 200kHz combined laser linewidth (a)
28GHz OFDM and FBMC (b) 60GHz OFDM and FBMC (c) Constellation for 28GHz OFDM and
FBMC at -7dBm received power (d) Constellation for 60GHz OFDM and FBMC at -7dBm

received power

The received constellations at -7dBm received power, with and without ISFA shown in
Figure 7.8 (c) and Figure 7.8 (d), demonstrate again that ISFA can improve the system
performance in the proposed architecture. Next, the same experiment was repeated with the
combined laser linewidth set to 2MHz. Figure 7.9 shows the EVM as a function of received
power, with and without ISFA for OFDM and FBMC, respectively. The 28GHz FBMC exhibits
high susceptibility to increased laser linewidth. The EVM, however, improved significantly
when ISFA was employed from 16.4% to 9.2% at -7dBm received power. Furthermore, an
increased EVM error floor can be observed in both 28GHz and 60GHz service as the
received power increased, which can be attributed to the increased impact of phase noise as
the laser linewidth increased. The 28GHz and 60GHz OFDM service show higher EVM error
floor than FBMC with no significant improvement in EVM for 60GHz OFDM, with ISFA.

FBMC benefits more from the noise averaging since it is impacted more by noise and this
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can be observed from the received constellation of the 28GHz signal, shown in Figure 7.9
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Figure 7.9: EVM as a function of received power 2MHz combined laser linewidth (a) 28GHz
OFDM and FBMC (b) 60GHz OFDM and FBMC (c) Constellation for 28GHz OFDM and FBMC
at -7dBm received power (d) Constellation for 60GHz OFDM and FBMC at -7dBm received
power

Compared to the constellations for 200kHz combined laser linewidth in Figure 7.8, the effect
of phase noise is more noticeable in the received constellations of both 28GHz and 60GHz
signals, however, this effect can be seen to have completely mitigated when ISFA was

applied.
7.3.3. Performance Evaluation for 28GHz, 38GHz and 60GHz

To demonstrate the scalability of the proposed architecture, the three services were
transmitted on A1, A2 and Asto simultaneously generate 28GHz, 38GHz and 60GHz mmWave
signals using the UL optical carrier as the LO. Obviously, as the number of optical carriers
heterodyning in the PD is increased, the impact of phase noise on the system performance

is expected to increase significantly. OFDM was employed for service 1 and service 2 at
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28GHz and 38GHz while FBMC was employed for service 3 at 60GHz. The IF centre
frequency of the 28GHz, 38Hz and 60GHz are 0.75GHz, 1.25GHz and 2.25GHz,
respectively.

Figure 7.10 shows the EVM as a function of received optical power for simultaneously
generated 28GHz OFDM, 38GHz OFDM, and 60GHz FBMC 5G services. The 28GHz
OFDM has the worst EVM performance due to reduced bandgap between the carrier and
the IF signal. Although OFDM shows better performance than FBMC at 28GHz in all the
investigations, the 28GHz service is generally more affected by laser phase noise. While the
bandgap is more than 3x the signal bandwidth for the 60GHz FBMC, the EVM performance
is almost the same as 28GHz OFDM. The EVM at -7dBm without ISFA is 11%, 7.5% and
11% for 28GHz OFDM, 38GHz OFDM, and 60GHz FBMC, respectively. When ISFA was
applied to enhance the CE, the EVM at -7dBm was 9.4%, 6.5%, and 7%, respectively.
Although OFDM and FBMC in most transmission scenarios achieve EVM below the 12%
threshold for 16QAM LTE signal at high received powers without ISFA, the benefit of
applying noise averaging is more noticeable in FBMC for all investigated scenarios.
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Figure 7.10: (a) EVM as a function of received power for 28GHz OFDM, 38GHz OFDM and
60GHz FBMC (b) constellations at -7dBm received power with and without ISFA using UL laser
as LO

To further demonstrate the flexibility of the proposed architecture in terms of system
configuration, the UL laser was placed in the CO and the OLO was remotely delivered to the
RRH. Figure 7.11 shows the EVM as a function of received optical power and corresponding
constellations at -7dBm received power with and without ISFA. Compared to when the LO
laser was placed in the RRH, the EVM increased by just 0.1% at -7dBm for 38GHz OFDM
and 60GHz FBMC services. The EVM of the 28GHz OFDM signal, however, increased by

2.5%, which is believed to be as a result of increased laser phase noise due to fibre CD.
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Figure 7.11: (a) EVM as a function of received power for 28GHz OFDM, 38GHz OFDM and
60GHz FBMC (b) constellations at -7dBm received power with and without ISFA using remotely
delivered LO

The obtained results demonstrate that the three 5G-like services, simultaneously
upconverted to 28GHz, 38GHz and 60GHz after 40km fibre can be successfully recovered
after 2m wireless transmission. In terms of the RAT, OFDM presents better resilience to
system noise dominated by laser phase noise and thus, better performance, while FBMC is
more susceptible to noise. Finally, by applying ISFA to enhance the CE process, the
performance of FBMC is significantly improved having similar EVM values with OFDM,

allowing for a relaxed receiver sensitivity requirement in the MFH link.
7.4. Summary

A novel coexistence of multiple 5G services in a resilient photonic mmWave small cell MFH
was proposed and demonstrated. Notably, the proposed architecture is simple to implement
and easily reconfigurable. The UL laser was employed as the LO for generating multiple
mmWave signals at O/E conversion, where multiple DL IF signals were simultaneously
upconverted to 28GHz, 38GHz and 60GHz mmWave signals. By properly detuning the
optical carrier frequency of the IF signals, the IF centre frequencies as well as the phase
shift applied to one arm of the DEMZM to generate OSSB modulation, the unwanted beat
interference signal is avoided. With such configuration, several services/ operators can
share both the fibre link and the RRH, thereby driving down the overall cost and complexity
of the small cell MFH infrastructure. Moreover, the OLO can be remotely delivered from the
CO, to further reduce the system complexity. ARoF technique was employed to transport the
5G services due to its SE and ability to easily integrate mmWave small cells into the MFH to

boost capacity and coverage. Several transmission scenarios were considered in the
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simulation considering the coexistence of OFDM and FBMC in a shared photonic MFH
infrastructure to investigate their resilience to nonlinearity and noise arising from E/O and
O/E conversion. Two laser configurations, having combined linewidth of 200 kHz and 2 MHz
was considered to study the impact of laser linewidth and consequently, phase noise on the
system performance. In all investigated transmission scenarios, OFDM shows better
resilience to system impairments at low SNR compared to FBMC. However, by applying the
ISFA technique in the CE process, these effects were effectively mitigated and the 5G
services were successfully recovered in all investigated scenarios, with EVM well below the
12% threshold 16QAM LTE signal. It is therefore believed that the proposed architecture
facilitates a cost-efficient solution with configurations that can benefit the deployment of
densely spaced high capacity mmWave small cell BSs and can be flexibly adopted in the

next-generation mmwWave small cell MFH.
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8. Conclusion and Future Works

8.1. Thesis Summary

As the 5G networks develop, a key feature that is being discussed is the MFH architecture. It
is obvious that the present MFH technology based on CPRI cannot support high-capacity
and ubiquitous requirements of 5G mobile broadband access. Moreover, up to 1GHz
bandwidth as specified in 5G NR for mmWave deployments will overwhelm CPRI based
digital MFH due to large overhead data used in the digitisation of 1Q signals. Hence, it is
more practical to implement mmWave MFH using ARoF technology. Millimetre-wave will
play an important role in achieving gigabit access to mobile subscribers due to the vast
amount of bandwidth it presents. Since BS configuration is changing in practice from
traditional large macro cell structure to compact small cell that can be deployed in ‘hot-spot’
and ‘not-spot’, it is anticipated that these small cells will be densely deployed. Moreover,
mmWave experiences high propagation loss, which can be exploited for interference
mitigation.

To this extent, many research works have been focusing on how to integrate mmWave small
cell into MFH taking advantage of optical transport technology based on RoF to photonically
realise the mmWave carrier for wireless transmission. However, many of the proposed
architecture still feature expensive optical and electrical components. It is well known that
noise and nonlinearities inherently limit the system performance in ARoF implementations.
Therefore, it is necessary to carry out an in-depth study of these impairments. Several works
that have been reported regarding the aforementioned consider OFDM waveform mainly due
its wide application in most of today’s wireless systems, while other 5G candidate waveforms
such as FBMC has not been studied. On the other hand, coexistence of multiple services
(i.e. legacy and new) in a shared infrastructure has been discussed in 5G-NR standard.
Therefore, it is important to assess the effect of nonlinearity among these services.
Investigations that have been carried out so far to this effect either considers only single
service or multi-service only on OFDM whereas, such effort has not been put into emerging
waveforms such as FBMC.

Given the importance of the above mentioned, especially in gaining an insight to the effects
of noise and nonlinearity in FBMC fibre-wireless MFH as against OFDM which has been
widely investigated. The work carried out in this thesis aim to explore some of the common
implementation of photonic mmWave upconversion techniques employing OFDM and
FBMC. The impact of noise in less complex and reconfigurable laser heterodyning mmWave
upconversion is comparatively investigated for OFDM and FBMC, respectively. To address

the need for in-depth understanding as to how nonlinear distortion can impact the
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coexistence of several services in 5G HetNets; the effect of PA nonlinearity is studied for
various multi-service coexistence scenarios in DL and UL, considering legacy LTE as well as
new class of service based on OFDM and FBMC.

Finally, the ability to generate multiple mmWave carriers with just one OLO delivered is
investigated. So far as it is known, upconversion of up to 3 IF signals to different mmWave
frequencies is proposed and investigated for the first time using laser heterodyning
technique. The main findings of this research work are summarised below:

» An end-to-end simulation testbed was designed in VPl Transmission Maker® in
cosimulation with MATLAB to evaluate and compare the performance of 5 mmWave
upconversion techniques employing OFDM and FBMC waveforms in terms of E/O
conversion and O/E conversion. Theoretical analysis shows that frequency and
phase offset can severely degrade the system, where electrical LO is used solely for
upconversion/downconversion. Using an ED at the UE eliminates the need for
frequency/phase locking or implementing an algorithm which will further increase the
system complexity. An OCS was used to generate frequency doubled signal after
O/E conversion. Although, LO frequency is reduced by half, high-speed MZM is still
an expensive component. On the other hand, all-optical upconversion using laser
heterodyning avoids the need for high frequency LO and high-speed MZM.
Moreover, it is easily reconfigurable to generate widely tunable mmWave
frequencies. In terms of the performance of OFDM and FBMC with these techniques,
FBMC exhibits more susceptibility to nonlinearity of the E/O interface compared to
OFDM. Further, FBMC exhibits worse EVM at low SNR due to noise at O/E
conversion compared to OFDM, but the EVM improves better than OFDM at high
SNR.

» An expression for the global system SNR was derived in terms of the PSD of each
noise component in the system. The impact each noise component was then
investigated to evaluate its contribution to the global system SNR. It was found that
RIN dominates the system noise for high RIN values of about -135dB/Hz and all
other noise components have no significant effect on the SNR. Laser linewidth and
CD play an important role in terms of achievable signal bandwidth. At 18dB threshold
for 16QAM signal, achievable signal bandwidth for FBMC and OFDM was 1GHz
1.5GHz when laser linewidth was 10.1MHz and fibre length was 100km, which
amounts to ~33% loss in SE for FBMC compared to OFDM. This implies that FBMC
exhibits higher susceptible to CD enhanced phase noise, whereas OFDM shows

better immunity against CD and laser phase noise.
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» To optimise the system throughput in the presence of noise, adaptive modulation
was implemented based on CSI feedback from the UE. A computationally efficient
ISFA technique was employed to enhance the CE so as to improve the feedback
SNR used for bit-loading. It was found that ISFA significantly improve the CE in
FBMC more than it does in OFDM and therefore, an increased number of bits were
loaded. In most cases investigated, similar number of bits was loaded in OFDM and
FBMC, suggesting that ISFA can successfully mitigate the effect of laser phase noise
in FBMC.

» A comprehensive investigation was carried out on the impact of PA-induced IBI in
multi-service transmission considering several coexistence scenarios for OFDM,
FBMC and legacy LTE services. In a single service transmission scenario, FBMC
exhibits slightly higher susceptibility to PA nonlinearity compared to OFDM and the
spectral regrowth in FBMC is much faster as the PA was being driven to the
nonlinear regime. In two service transmission scenario, the input of one service was
increased relative to the input power of the other service. Similar EVM performance
was observed when both services were either OFDM or FBMC. However, in the
coexistence of OFDM and FBMC, increasing the input power of OFDM results in
significant OOB emission and consequently IBI in FBMC. On the other hand,
increasing the input power of FBMC relative to OFDM results in much lesser IBI to
OFDM. For -30dBm input power of FBMC, the EVM of OFDM was 7.3%, while
for -30dBm input power of OFDM; the EVM of FBMC was 13.8%. Furthermore,
coexistence of LTE service with OFDM and FBMC based 5G service was studied.
The in-band deployment of LTE in 5G service follows the pattern specified for NB-loT
deployment in-band LTE. Simulation results shows similar performance to the
previous coexistence method since LTE is based on OFDM, demonstrating that LTE
service can successfully coexist with 5G FBMC signal in an in-band deployment
scenario by properly adjusting the power difference between the two services. In
another study, DFT-spread OFDM and FBMC were used to evaluate the impact of
PA nonlinearity in uplink RoF. FBMC shows slightly higher EVM performance as the
input power increased for both single and multi-user uplink transmission. Given that
the PAPR of DFT-s-FBMC was 2dB higher than that of DFT-s-OFDM, the EVM

performance is comparable.

» A novel reconfigurable mmWave upconversion that can simultaneously upconvert up
to 3 IF signals to different mmWave frequencies have been successfully

demonstrated. In the simulations, 3 IF signals were simultaneously generated at
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28GHz, 38GHz and 60GHz with just one OLO based on optical heterodyning in the
PD. Due to the number of optical tones beating in the PD, phase noise is high in the
system. However, by applying ISFA to enhance the CE, results demonstrate the
feasibility of simultaneous upconversion of up to 3 IF signals to 28GHz, 38GHz and
60GHz using one OLO for optical heterodyning after 40km fibre.

While the work carried in this thesis demonstrate substantial milestone in research towards

fibre-wireless technologies for 5G MFH, there are further areas that can be suggested for

future investigations, as listed in the next section.

8.2.

Future Works

There are areas of studies that can be suggested as a result of the work carried out in this

thesis as next step in the research towards the next-generation MFH technologies:

Alternative spectrally efficient waveforms, such as UFMC, GFDM or filtered OFDM
(F-OFDM) that have been proposed as part of research towards 5G RATs can be
investigated for the upconversion techniques presented in this thesis. This will enable
comprehensive comparison of the performance of these waveforms in mmWave
small cell MFH architecture. Additionally, an extensive study such as was carried out
in this thesis for laser heterodyning mmWave upconversion technique can be
investigated for the aforementioned candidate multicarrier waveforms.

In terms of the effect of phase noise particularly in FBMC, phase noise cancellation
algorithms [207] can be investigated in order to compare its performance with the
ISFA investigated in this thesis, in terms of efficiency and complexity.

Although, DPD has been widely investigated for RoF systems, a further work that
can be carried out in the future is to implement DPD to linearise the system in
coexistence of multiple services employing different waveforms. Again, this
investigation can be extended to include UFMC, GFDM and F-OFDM. In addition,
coexistence of sub-6GHz with mmWave and integrated access backhaul has been
highlighted in 5G-NR study and this can be an area of further investigation employing
OFDM and other multicarrier waveforms. Deep learning and Artificial Neural
Networks algorithms can be employed to predict the nonlinear distortion of MZM or
PA and to compensate for its effect [208]. Further, it can be employed in conjunction
with ZF to enhance equalisation process [209].

In order to reduce the effect of PAPR on the system performance, low PAPR FBMC
[145] can be employed for bidirectional transmission with the laser heterodyning
mmWave upconversion technique employed in this thesis. Further, FBMC-QAM has

been proposed as a means of avoiding the complexity that makes the integration of

140



MIMO challenging. Therefore, FBMC-QAM can be investigated in order to enable the
integration MIMO with the small cell MFH architecture.

Since the main focus of the work carried out in this thesis is the effect MFH
transmission impairments on the RATS, investigations can be extended further to
incorporate the effect of mmWave wireless channel considering several scenarios,

for both downlink and uplink transmission.
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