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Executive Summary 

This Deliverable (D4.2p) corresponds to the public version of deliverable 4.2 “Report on the 
transmission techniques suitable for capacity upgraded links for access and in-building 
networks”. This document presents a set of transmission systems based on baseband, optical 
frequency division multiplexing and radio over fibre techniques that aim to increase the signal 
bandwidth efficiency and maximise the transported capacity of the network. In addition, the 
presented approaches seek to make the transmission more robust to the fibre dispersion, 
nonlinearities and noise in single-mode (SMF), multi-mode (MMF) and plastic optical fibres 
(POF).  

For access and in-building networks different types of transmission media are considered. For 
smaller buildings, MMF and POF are well suited due to their easier handling. For large 
buildings and access networks the use of SMF is preferred due its low attenuation and wide 
bandwidth. Therefore, this deliverable, while focussing on multi-mode and plastic optical 
fibres, also includes different techniques for the capacity upgrade of SMF based 
infrastructures. Specifically, the deliverable includes theoretical studies, simulations and 
practical implementations of baseband transmission techniques as well as adaptively 
modulated optical OFDM (AMOOFDM) aiming, in particular, at WDM-PON.  

In the context of in-building networks, the development of a LED-based OFDM transceiver 
for POF is described, including theoretical analysis, a preliminary assessment and an analysis 
of cost-effectiveness of the device. Further, a number of Radio-over-Fibre techniques, in 
particular, for a simultaneous transport of wired and wireless are considered. Finally, the 
deliverable gives a description of techniques for overcoming impairments on the optical link; 
these techniques include channel equalisation for cost-effective high capacity POF systems 
and modal dispersion compensation for MMF.  
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1 Introduction 

1.1 Purpose and Scope 
Traffic in telecommunication network has been growing rapidly over recent years. This ever 
growing demand has pushed the operators towards higher bit rate solutions in access 
networks. In Europe, one of the first broadband access solutions was based on DSL (Digital 
Subscriber Line) techniques which rely on copper to deliver voice, data and other services. 
These solutions support data rates of a few Mb/s and offer limited capacity for broadband 
applications services as well as a limited geographical reach. In addition to the increased 
capacity, the cost reduction in access and in-building networks is a key challenge for 
operators’ deployment. It is then of prime importance to find ways of increasing the data 
offered while reusing the already infrastructure and maintaining a cost per bit as low as 
possible. 

The increasing requirement for bandwidth in the past years was addressed by using an optical 
fibre, and, for the fibre, by increasing the channel bit rate due to the advances in transmission 
technologies, or by transmitting a higher number of wavelengths by using wavelength 
division multiplexing (WDM) technologies. However, high spectra efficiency, dispersion 
tolerance, low susceptibility to fibre nonlinear effects and noise can be achieved by advanced 
transmission techniques as it has been shown in recent studies [1]-[16]. 

This Deliverable (D4.2p) reports on the transmission techniques suitable for the link capacity 
upgrade in access and in-building networks. By transmission techniques we mean all the 
techniques that enable the transmission of signals over a transmission medium, which in the 
context of the ALPHA project can be a single-mode, (silica) multi-mode, or plastic optical 
fibre. Transmission techniques include modulation formats, aggregation techniques, detection 
schemes and signal processing for transmission impairment compensation.  

The Deliverable is organized as follows: section 2 covers baseband transmission techniques. 
Section 3 presents OFDM transmission techniques, section 4 presents transmission techniques 
for the transport of radio over fibre signals and section 5 describes signal processing 
techniques to overcome optical system impairments. Finally, the conclusions summarize the 
present status and the directions for further assessment and development of advanced 
transmission techniques. 

1.2 Reference Material 

1.2.1 Reference Documents 

[1]  P. J. Winzer, G. Raybon, C. R. Doerr, M. Duelk, C. Dorrer, “107-Gb/s Optical Signal 
Generation Using Electronic Time-Division Multiplexing”, Journal of Lightwave Tech., 
Vol. 24, No. 8, pp. 3107-3113., August 2008 

[2]  S. L. Jansen et al, “107-Gb/s full-ETDM transmission over field installed fiber using 
vestigial sideband modulation”, OFC/NFOEC 2007. paper OWE3 

[3]  M. Forzati, S. Iyer, A. Berntson, J. Mårtensson, “Experimental study of single-MZM 
APRZ transmitters for fibre-optic communications”, Elec. Letters, Vol. 44, No. 2, pp. 148-
149, January 2008 

[4]  B. Vasic, I. B. Djordjevic, V.S. Rao, “Advanced detection and coding techniques for 
nonlinear intersymbol interference cancellation in 40 Gb/s systems”, IEE Proceedings-
Optoelectronics, Vol. 153, No. 4, pp. 174-178, August 2006 

[5]  C. Gosset, L. Dupont, A. Tan, A. Bezard, E. Pincemin, “Experimental Performance 
Comparison of Duobinary Formats for 40 Gb/s Long-Haul Transmission”, OFC/NFOEC 
2008, paper JThA55 

[6]  N. Kikuchi, “Intersymbol Interference (ISI) Suppression Technique for Optical Binary and 
Multilevel Signal Generation”, Journal of Lightwave Tech., Vol. 25, No. 8, pp. 2060-2068, 
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August 2007 
[7]  T. J. Xia et al, “Transmission of 107-Gb/s DQPSK over Verizon 504-km Commercial 

LambdaXtreme® Transport System”, OFC/NFOEC 2008, paper NMC2 
[8]  Y. Han, “Theoretical Sensitivity of Direct-Detection Multilevel Modulation Formats for 

High Spectral Efficiency Optical Communications”, IEEE Journal of Sel. Topics in 
Quantum Elec., Vol. 12, No. 4, pp. 571-580, July/August 2006 

[9]  T. Tokle et al., “Advanced Modulation Formats for Transmission Systems”, OFC/NFOEC 
2008, paper OMI1 

[10]  T. Tokle et al., “Penalty-free transmission of multilevel 240 Gb/s RZ-DQPSK-ASK using 
only 40 Gb/s equipment”, ECOC 2005. paper We3.2.5 

[11]  K. Sekine et al, “40 Gb/s, 16-ary (4 bit/symbol) optical modulation/demodulation 
scheme”, Elec. Lett., Vol. 41, no. 7. pp. 430-432, March 2005 

[12]  P. J. Winzer, R-J. Essiambre, “Advanced Optical Modulation formats”, Proccedings of the 
IEEE, Vol. 94, No. 5, pp. 952-985, May 2006 

[13]  M. Seimetz, “Performance of Coherent Optical Square-16-QAM-Systems based on IQ-
Transmitters and Homodyne Receivers with Digital Phase Estimation”, OFC/NFOEC 
2006, paper NWA4 

[14]  C. R. S. Fludger et al., “10 x 111 Gbit/s, 50 GHz spaced, POLMUX-RZ-DQPSK 
transmission over 2375 km employing coherent equalisation “,OFC/NFOEC 2007, paper 
PDP22 

[15]  N. Kikuchi, K. Mandai, S. Sasaki, “Advanced Multi-level Transmission Systems”, 
OFC/NFOEC 2008, paper OMI4 

[16]  N. Kikuchi, K. Mandai, K. Se, S. Sasaki, “Incoherent 32-Level Optical Multilevel 
Signaling Technologies”, Journal of Lightwave Tech., Vol. 26, No. 1, January 2008 

[17]  S. Norimatsu and K. Iwashita. “Cross-phase modulation influence on a two-channel 
optical PSK homodyne transmission system”, IEEE Photonics Technology Letters, vol. 3, 
no. 12, pp. 1142-1144, 1991. 

[18]  X. Huang, L. Zhang, M. Zhang, and P. Ye. “Impact of nonlinear phase noise on direct-
detection DQPSK WDM systems”, IEEE Photonics Technology Letters, vol. 17, no. 7, pp. 
1423-1425, 2005. 

[19]  N. Kikuchi, K. Sekine, S. Sasaki, and T. Sugawara. “Study on cross-phase modulation 
(XPM) effect on amplitude and differentially phase-modulated multilevel signals in 
DWDM transmission", IEEE Photonics Technology Letters, vol. 17, no. 7, pp. 1549-1551, 
2005. 

[20]  K.-P. Ho and H.-C. Wang. “Cross-phase modulation-induced crosstalk for RZ-DQPSK 
signals in dispersive transmission systems", Journal of Lightwave Technology, vol. 24, no. 
1, pp. 396-403, 2006. 

[21]  C. Xie, S. Chandrasekhar, and X. Liu. “Impact of inter-channel nonlinearities on 10-
Gbaud NRZ-DQPSK WDM transmission over Raman amplified NZDSF spans", 33rd 
European Conference and Exhibition on Optical Communication - ECOC 2007. 

[22]  R. Luis, B. Clouet, A. Teixeira, and P. Monteiro. “Analytical modelling of the cross-phase 
modulation-induced degradation in mixed DQPSK and ASK transmission systems", 2007 
International Conference on Transparent Optical Networks, pp. 63-66, 2007. 

[23]  R. Luis, B. Clouet, A. Teixeira, and P. Monteiro. “Pump-probe analysis of the cross-phase 
modulation degradation induced by 10 Gbit/s amplitude-shift-keyed signals on 40 Gbit/s 
DQPSK signals", Optics Letters, vol. 32, no. 19, pp. 2786-8, 2007. 

[24]  S. Chandrasekhar and X. Liu. “Impact of channel plan and dispersion map on hybrid 
DWDM transmission of 42.7-Gb/s DQPSK and 10.7-Gb/s OOK on 50-GHz grid", IEEE 
Photonics Technology Letters, vol. 19, no. 22, pp. 1801-1803, 2007. 

[25]  X. Liu and S. Chandrasekhar. “Direct detection of 107-Gb/s polarization-multiplexed 
DQPSK with electronic polarization demultiplexing", OFC/NFOEC 2008. 2008 Optical 
Fiber Communication Conference/National Fiber Optic Engineers Conference, pp. 2501- 
2503, 2008. 

[26]  J. B. Jensen, G. Schiellerup, C. Peucheret, T. Tokle, and P. Jeppesen. “XPM-induced 
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[28]  W. Shieh and C. Athaudage, “Coherent optical orthogonal frequency division 
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[29]  W. Shieh, “PMD-supported coherent optical OFDM systems,” IEEE Photon. Technol.  
Lett. vol. 19, pp.134-136, 2007 

[30]  W. Shieh, H. Bao, and Y. Tang, “Coherent optical OFDM: theory and design,” Optics 
Express, vol. 16, no. 2, pp. 841-859, 2008 

[31]  S.L. Jansen, I. Morita, T.C.W. Schenk, D. van den Borne and H. Tanaka, “Optical OFDM 
- a candidate for future long-haul optical transmission systems,” OFC 2008, OMU3 
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[34]  W. Shieh, X. Yi, Y. Ma, and Y. Tang, “Theoretical and experimental study on PMD-
supported transmission using polarization diversity in coherent optical OFDM systems,” 
Optics Express, vol. 15, pp.9936-9947, 2007 
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[37]  Q.Yang, Y. Tang, Y. Ma, and W. Shieh, “Experimental Demonstration and Numerical 
Simulation of 107Gb/s High Spectral Efficiency Coherent Optical OFDM,” J. Lightwave 
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[38]  A. J. Lowery, “Fibre nonlinearity mitigation in optical links that use OFDM for dispersion 
compensation,” IEEE Photon. Technol. Lett., vol.19, pp.1556–1558, 2007 

[39]  Brendon J. C. Schmidt, Arthur James Lowery, and Jean Armstrong, "Experimental 
Demonstrations of Electronic Dispersion Compensation for Long-Haul Transmission 
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2005 
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100 GbE 100 Gb/s Ethernet 
ADC Analog to Digital Converter 
APD Avalanche Photodiode 
BPM Bi-Phase Modulation 
CD Chromatic Dispersion 
CDR Clock Data Recovery 
CO Central Office 
CP Cyclic Prefix 
CSI Channel State Information 
DAC Digital to Analog Converter 
DBPSK Differential Binary Phase Shift Keying 
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DCF Dispersion Compensation Fibre 
DMT Discrete Multi Tone 
DQPSK Differential Quaternary Phase Shift Keying 
ESE Elementary Signal Estimator 
EVM  Error Vector Magnitude 
FEC Forward Error Correction 
GPS Global Positioning System 
IDMA Interleave Division Multiple Access 
IFFT Inverse Fast Fourier Transform 
IMDD Intensity Modulation Direct Detection 
ISI Inter-Symbol Interference 
LC Levin Campello 
MAI Multiple Access Interference 
MAN Metropolitan Area Network 
MMF Multi-Mode Fibre 
MZM Mach Zehnder Modulator 
OFDM Orthogonal Frequency Division Multiplexing 
ONU Optical Network Unit 
OOK On-Off Keying 
OSNR Optical Signal to Noise Ratio 
PAM Pulse Amplitude Modulation 
PMD Polarization Mode Dispersion 
PMMA Polymethyl Methacrylate 
POF Plastic Optical Fibre 
PPM Pulse Position Modulation 
PSK Phase Shift Keying 
QAM Quadrature Amplitude Modulation 
REAM Reflective Electro-Absorption Modulator 
RoF Radio Over Fibre 
RSOA Reflective Semiconductor Optical Amplifier 
SMF Single-Mode Fibre 
SOA Semiconductor Optical Amplifier 
UWB Ultra-Wideband 
WiFi Wireless Fidelity 
WiMax Worldwide Interoperability for Microwave Access 
XPM Cross Phase Modulation 
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2 Baseband transmission techniques 

In baseband transmission techniques the information in one optical channel is encoded by 
modulating a single carrier with a high-speed digital signal. All currently installed fibre-optic 
transmission systems, except those for Radio-over-fibre, employ baseband transmission 
techniques, most commonly binary intensity shift keying, (also referred to as On-Off-Keying, 
OOK) [12]. Recent research has investigated more advanced modulation formats in which the 
phase and polarisation of the electrical field are used to encode data (phase-shift-keying, PSK, 
and polarisation multiplexing, PolMux) and more than two signal levels are allowed (multi-
level coding) to transmit more than one bit of information per symbol [12]. 

This section presents two different studies of multilevel baseband transmission techniques, 
specifically 4-level and 8-level differential PSK. Indeed upgrading the capacity of existing 
on-off keying (OOK) modulated wavelength division multiplexed (WDM) links by 
employing multilevel phase modulation, e.g. DQPSK or D8PSK is attractive partly due to the 
possibility of upgrading individual wavelength channels as the need arises and partly because 
such capacity upgrade can be done without deploying new fibre or employing more optical 
amplifiers or additional dispersion compensation along the link.  

The first study analyses the differential quadrature-phase-shift keying (DQPSK, 4 levels, i.e. 
2 bits per symbol) for extended PON in terms of tolerance towards chromatic dispersion and 
intra-channel non-linear effects, for non-return-to-zero (NRZ) and return-to-zero (RZ) pulse 
shaping.  

A further source of impairments when upgrading from OOK to PSK, is given by cross-phase 
modulation (XPM) induced signal degradation on the upgrade channel. This degradation is 
especially significant if the channels next to the upgrade channel employ amplitude 
modulation (e.g. the legacy OOK channels). This is the focus of the second study, which is an 
evaluation of the XPM induced degradation as a function of the modulation format of the 
adjacent optical channel is studied when multilevel modulation formats such as DQPSK and 
D8PSK (8-level, i.e. three bits per symbol) are used.  

Both studies focus on impairments arising in extended PONs, in which the CO is considerably 
farther away from the end users so that several spans with possibly in-line amplification are 
made necessary. Moreover, it is important to examine the performance of these transmission 
techniques over longer links in order to enable future reconfigurations or system upgrades 
 

2.1 DQPSK Transmission on single-mode fibre extended PON link  
In order to have a first idea of what the limiting factors are for DQPSK transmission over an 
extended PON, the effects of various impairments on DQPSK signals are studied on a link 
consisting of three 80 Km spans. The signals are generated by standard nested-MZM 
transmitters, as implemented in VPITransmissionMakerÔ (TMM). Fig. 2-1 and Fig. 2-2 show 
the TMM transmitter set-up for NRZ-DQPSK and RZ-DQPSK, respectively. The electrical 
signals driving the nested MZM’s have a rise time of 1.13 ps (1/8/R, R=111 Gb/s being the bit 
rate) and the low-pass filters (LPF) are third-order Bessel with a 3 dB bandwidth of 111 GHz. 
The nested MZM’s are driven in push-pull and have an extinction ratio of 35 dB. 
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Fig. 2-1: VPITransmissionMaker set up for NRZ-DQPSK transmitter 

 

 

Fig. 2-2: VPITransmissionMaker set up for RZ-DQPSK transmitter 

 
Here, a thorough analysis is run, in which the required ONSR to get BER=10-3 (OSNRreq) is 
evaluated in different transmission scenarios. Because good receiver models are currently not 
available in TMM, this is done by transmitting long data sequences (2x215 = 65536 bits) and 
counting the number of errors in order to compute BER. Simulations are therefore very 
computational intensive. Fig. 2-3 shows the complete TMM simulation set-up. 

 

 

Fig. 2-3: The numerical simulation set up for DQPSK transmission system with BER counting 

 
The signal generated at the DQPSK transmitter is passed through a wavelength multiplexer 
before being sent over the 3x80 km link with perfect dispersion-compensating fibre (DCF) in-
line compensation. A constant 5dB difference is set between the launch power into the 
standard single-mode fibre (SSMF) and into the DCF. At the end of the link a net residual 
dispersion is inserted and additional optical noise is added to the signal in order to find the 
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required OSNR to get BER=10-3. This is done by combing the signal with additional white 
Gaussian noise through an ideal power combiner. Once the signal has been transmitted over 
the optical link, a number of iterations is run. At each iteration the additional noise is 
attenuated. OSNR @ 0.1 nm noise bandwidth is measured (in the same way as one would in 
the lab, as shown in Fig. 2-4) and its corresponding BER is computed (as shown in Fig. 2-5) 
so that an OSNR-vs-BER curve can be traced and the required OSNR (OSNRreq) at BER=10-3 
can be obtained. 
 

 
Fig. 2-4: OSNR meter set up 

 

 
Fig. 2-5: Structure of DQPSK direct counting receiver with post decoding: the received optical signal 
is split into two arms and each of them is passed through a Mach-Zehnder interferometer (MZI) and 
then detected by a balanced detector (thermal noise and shot noise are neglected, because noise is 

limited by ASE). The electrical signals are then passed through Bessel filters of order 3 with bandwidth 
0.75 times symbol rate and sampled in the middle of the symbol. The sequence thus obtained from arm 
I and Q with the original bit sequences are then compared to the transmitted sequences by means of a 

logical XOR. Then the errors are averaged over the total number of bits to calculate BER. 

 

2.1.1 Residual dispersion tolerance 

The impact of residual dispersion is studied for two different types of MUX and DMUX 
(“narrowband”: 1st order Guassian with 3dB bandwidth 55GHz, and “broadband”: Guassian 
of order 1.35 with 3dB bandwidth 75GHz). In this simulation, non-linear effects and ASE 
from in-line amplifiers are switched off. So the only impact is residual dispersion (in fact the 
link, being linear, fully dispersion-compensated and noise-free, has no effect whatsoever in 
this simulation). OSNRreq is measured as a function of residual dispersion from –30ps/nm to 
+30ps/nm for RZ- and NRZ-DQPSK format, see Fig. 2-6 and Fig. 2-7. As a first point we can 
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observed that the amount of residual chromatic dispersion tolerated by DQPSK (from +/-15 
ps/nm to +/-28 ps/nm depending on the combination of pulse shape and optical filters used) is 
such that in-line dispersion compensation and per-channel residual compensation at the 
receiver are required. It can also be seen that, in both cases, RZ can tolerate more residual 
dispersion than NRZ, which is at a first thought surprising. This can be interpreted as the 
result of two opposite effects in the following way. RZ signals have a broader spectrum than 
NRZ and are therefore affected by a larger degree of CD-induced pulse broadening. On the 
other hand, RZ pulses have more margin, with respect to NRZ, before their broadening starts 
causing overlapping (inter-symbol interference, ISI). It would seem that the RZ disadvantage 
over NRZ (larger broadening) is less severe than its advantage (better tolerance to 
broadening) for this system. This is unlike what observed in most systems, at least those 
employing OOK, for which NRZ is generally more tolerant to dispersion than RZ. It should 
be noted, as a possible explanation to this difference, that in On-Off keying, pulse broadening 
degrade BER also by reducing the pulse peak power (beside by inducing ISI), which is less 
problematic in the case in PSK where phase, rather than amplitude carries information. It can 
also be seen from the figures that RZ-DQPSK has a better back-to-back sensitivity to begin 
with. As transmission here is linear, OSNRreq for 0 residual dispersion is the same as the value 
for back to back (B2B) case (filters included). Comparing these two figures, it’s clear that 
broadband MUX/DMUX show better performance and, especially for NRZ, the narrowband 
MUX/DMUX introduces significant penalty. Thus, broadband MUX/DMUX is chosen for the 
rest of the analysis. 

 
Fig. 2-6: Required OSNR at BER 10-3 (OSNRreq) as a function of residual dispersion for NRZ- and RZ-

DQPSK with narrowband MUX and DMUX 
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Fig. 2-7: Required OSNR at BER 10-3 (OSNRreq) as a function of residual dispersion for NRZ- and RZ-

DQPSK with broadband MUX and DMUX 

2.1.2 Nonlinear tolerance 

The impact of nonlinear effect is examined by varying the launch power into SSMF and DCF. 
Residual dispersion is zero and ASE from in-line amplifiers is switched off. The non-linear 
index is set to 2.6�10-20 m2/W and 4.3�10-20 m2/W for SSMF and DCF, respectively, and the 
fibre core area is 80�10-12 m2 and 14.3�10-12 m2 respectively. 

Fig. 2-8 shows the OSNRreq after 3 spans of link for launch power  
–2 dBm to +7dBm into the SSMF (power into the DCF is kept 5 dB lower). Below 1 dBm 
non-linear effects appear to be negligible; when the launch power exceeds 2dBm, the 
OSNRreq starts increasing exponentially. For this link RZ-DQPSK shows a 1dB power 
tolerance (defined as the launch power at which OSNRreq is degraded by 1dB) of 5.6dBm, 
1dB higher than NRZ-DQPSK. 
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Fig. 2-8: OSNRreq at BER 10-3 after 3 spans of nonlinear link as a function of launch power into SSMF. 

Transmission is in ideal noise-free condition 

 

It is also interesting to investigate whether non-linear interaction between signal and noise is 
significant in terms of BER. Therefore, a new simulation is run, in which noise is 
accumulated throughout transmission (i.e., the in-line amplifiers are now noisy and have a 
noise figure of 6dB).  

To get an insight of signal-noise interaction, we compare the results obtained in this way with 
those obtained in the equivalent case (same launch power, and OSNR), but in which all 
optical noise is added at the receiver. It was found that the results for the two cases showed no 
significant difference. The same procedure was repeated for a longer link (7 spans of 80 km), 
and the results are shown in Fig. 2-9, where OSNRreq is plotted against launch power for the 
two cases (in-line versus receiver-only noise). As it can be seen, the difference is still not 
significant. We conclude that the impact of signal noise interaction is negligible for both RZ 
and NRZ in this link, and that non-linear effects degrade performance mainly through signal 
distortion, as was hinted in the qualitative analysis presented in the previous section. 
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Fig. 2-9: OSNRreq at BER 10-3 as a function of launched power into SSMF, for NRZ-DQPSK and RZ-

DQPSK. In one case, noise is generated as an optical field that is added to the signal throughout 
transmission; in the other case, noise is generated in NoiseBins and propagates separately with signal, 

which is equivalent to adding all the noise at the receiver 

2.1.3 Concatenated-filter tolerance 

If DWDM transmission is considered with narrow channel spacing, it is therefore important 
to verify the tolerance to passing through many filters (cascaded filtering). This is analysed in 
Fig. 2-10. It can be seen that 100 GHz spacing can be used with negligible penalty for both 
RZ and NRZ. Transmission with 50 GHz spacing is definitely not feasible. 

 
Fig. 2-10: OSNRreq at BER 10-3 as a pass band for a Gaussian filter of order 1.35 (typical of a 

commercially available MUX/DEMUX). Note that the concatenation of a MUX and DMUX of 100 GHz 
pass band is equivalent to a filter with 77 GHz of pass band. Similarly, the concatenation of a MUX 

and DMUX of 100 GHz pass band is equivalent to a filter with 39 GHz of pass band 
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2.2 Cross-Phase modulation induced signal degradation in 
multilevel phase modulated links  

For coherent PSK systems, studies of the XPM induced degradation from residual amplitude 
modulation has presented in [17]. The impact of nonlinear phase noise have been studied in 
[18], the XPM induced degradation of DWDM systems employing combined phase and 
amplitude modulation have been studied in [19], the impact of XPM induced cross talk in RZ-
DPSK modulated WDM systems are described in [20] and XPM induced degradation of 
WDM RZ-DQPSK systems are addressed in [21]. Numerical simulations on the impact of 
XPM in WDM systems employing a mix of ASK modulated channels and DPSK channels is 
presented in [22], [23] and experimental investigations on XPM induced degradation of RZ-
DQPSK signals in mixed ASK/RZ-DQPSK WDM systems are presented in [24]. In [25], 
dispersion mapping is used for suppression of XPM induced degradation of 40 Gb/s RZ-
DQPSK channels surrounded by 10 Gb/s OOK modulated channels. Parts of the results 
reported here have been published in [26]. 

2.2.1 Test System 

The XPM induced signal degradation of 21.4 Gb/s RZ-DQPSK and 32.1 Gb/s RZ-D8PSK 
modulated upgrade channels under influence from amplitude or phase modulated 
neighbouring channels have been studied experimentally using a 240 km long EDFA 
amplified standard single mode fibre (SSMF) link illustrated in Fig. 2-11. 
 

 
Fig. 2-11: Block diagram of system used for XPM investigations 

 

In order to investigate the XPM induced degradation of the upgrade channel, the launch 
power per channel was swept while keeping a constant OSNR into the receiver. Details of the 
transmitter and receiver can be found in [26].  

2.2.2 Results 

Results are plotted in Fig. 2-12 for the case of a single upgrade channel surrounded by 24 
NRZ-OOK modulated legacy channels. The similar result for a single RZ-D8PSK modulated 
channel without the legacy channels is also plotted, showing that the degradation is not due to 
self-phase modulation. For 21.4 Gb/s RZ-DQPSK modulated upgrade channel, XPM induced 
signal degradation sets in at a launch power of approximately +2 dBm per channel, whereas 
for the 32.4 Gb/s RZ-D8PSK modulated upgrade channel, XPM becomes problematic already 
at a launch power of approximately -1 dBm per channel. This is confirmed by the plot of BER 
vs. OSNR after 240 km shown in Fig. 2-13, where negligible OSNR penalty after 240 km is 
observed for the -1 dBm per channel launch power case. 
   
 

A
W
G 

A
W
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NRZ-OOK modulated data channels. 
Mix of 2.7 Gbit/s and 10.7 Gbit/s.     
100 GHz channel spacing 

Upgraded channel. 32.1 Gbit/s 
RZ-D8PSK modulation at a  
symbol rate of 10.7 Gbaud                                             
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pre-compensation 
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 Fig. 2-12: BER vs. per channel launch power of a single RZ-DQPSK or RZ-D8PSK modulated 

upgrade channel surrounded by 24 NRZ-OOK modulated legacy channels. BER vs. launch power for a 
single RZ-D8PSK modulated channel without the legacy channels is plotted for comparison. 
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Fig. 2-13: BER vs. OSNR for a 32.4 Gb/s RZ-D8PSK modulated upgrade channel surrounded by 24 
NRZ-OOK modulated legacy channels. Launch powers were +2 dBm per channel (a) and -1 dBm per 

channel (b). 

 

In Fig. 2-14, the results of additional investigation are shown. The XPM tolerance for a 32.1 
Gb/s RZ-D8PSK upgrade channel surrounded by one and two neighbour channels on each 
side is plotted. NRZ-OOK modulated as well as RZ-D8PSK modulated neighbouring 
channels are investigated. For the amplitude modulated as well the phase modulated 
neighbouring channels, we see that there is very little difference between one or two channels 
on either side of the upgrade channel. From that we can conclude that the main degradation 
comes from the nearest neighbouring channels. This is to be expected because of the 
increased walk-off for channels further away from the upgrade channel. Additionally, we see 
that the XPM tolerance is significantly increased when all channels are phase modulated. This 
is a result of the constant power level in the link resulting in equal XPM induced phase shift 
for all symbols in the upgrade channel. Since the receiver used simple delay demodulation, 
this common phase-shift cancels in the receiver. 
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 Fig. 2-14: XPM D8PSK 

 

2.2.3 Recommendations 

Based on the above described investigations, a number of conclusions and recommendations 
regarding multilevel phase modulation capacity upgrades of existing WDM links can be 
formulated: 

1. XPM is the main impairment for WDM links employing multilevel phase modulation 
for capacity upgrade of individual channels. 

2. For 21.4 Gb/s RZ-DQPSK upgrade and 100 GHz channel spacing, launch power 
should be kept below +2 dBm per channel. 

3. For 32.1 Gb/s RZ-D8PSK upgrade and 100 GHz channel spacing, launch power 
should be kept below -1 dBm per channel. 

4. The main XPM induced degradation comes from the nearest channels. 
5. The XPM induced degradation is mainly caused by fluctuating optical power in the 

link. Upgrading all channels to phase modulation will therefore reduce the XPM 
induced degradation dramatically. 

6. If all channels are 32.1 Gb/s RZ-D8PSK modulated, the XPM induced degradation is 
negligible at a launch power of +2 dBm per channel. 

From this we can conclude that multilevel phase modulation is an attractive candidate for 
capacity upgraded links provided that the above factors are taken carefully into consideration. 
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3 Optical frequency division multiplexing techniques for 
PON applications  

3.1 Introduction  
Unlike baseband transmission techniques, in Orthogonal frequency-division multiplexing 
(OFDM) information in one optical channel is encoded by modulating a number of carriers 
with lower-bit-rate digital signals. In other words, OFDM is a spectral frequency-division 
multiplexing (FDM) technique using digital multi-carrier modulation. In OFDM, a large 
number of orthogonal, closely-spaced sub-carriers are utilized to carry data.  The incoming 
data is divided into several low-speed, parallel data streams, each of which is for a sub-
carrier.  Each sub-carrier is modulated using conventional modulation schemes such as 
quadrature amplitude modulation (QAM) or phase shift keying (PSK), whilst the total data 
rate is maintained to be identical to the conventional single-carrier modulation scheme.  The 
introduction of orthogonality into the technique is to minimize the cross-talk among sub-
carriers. The use of overlapped sub-carriers is to relax the requirement on high-speed 
equalization, combat impulse noise and multi-path propagation-induced signal distortions, as 
well as to fully utilize the available transmission bandwidth. 
 

 
Fig. 3-1: Historical evolution of the theory and practical applications of OFDM [27] 

 

The historical evolution of OFDM technologies is illustrated in Fig. 3-1. The concept of 
OFDM was first invented in the 1960s and 1970s, and was first used in European digital 
audio broadcast services in 1980s. Then it has emerged as the leading physical-layer interface 
in wireless communications in the last decade to combat hostile frequency-selective fading. 
OFDM has also been incorporated into wireless network standards (802.11a/g WiFi, 
HiperLAN2, 802.16 WiMAX), digital audio and video broadcasting (DAB and DVB-T) in 
Europe, Asia, Australia, and other parts of the world. Although OFDM has been widely 
adopted in broadband wired and wireless communication systems, it has, however, not been 
used in optical communications until very recent years.   

OFDM was introduced into optical fibre communication in 2005, thus leading to the 
generation of a new concept of Optical OFDM (OOFDM). Over the past several years, 
OOFDM has attracted great interests and become a hot topic of research and development in 
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optical single-mode fibre (SMF) and multi-mode fibre (MMF) based networks as well as 
optical wireless systems.   The major driving force behind such fast growing interest is that 
OOFDM has a unique capability of addressing the challenges associated with chromatic 
dispersion (CD) and polarization mode dispersion (PMD) in high-speed transmission systems.  
In particular, as the transmission rate approaches 100 Gb/s, the conventional meticulous per-
span optical dispersion compensation technique becomes too costly and impractical (if not 
possible), as such a technique requires precise fibre dispersion measurement and precisely 
matching of dispersion compensation cross a broad wavelength range. Moreover, a 
dynamically reconfigurable network also requires a fast link setup and makes the manual 
optical dispersion compensation technique impractical [28]-[30].  OOFDM has following 
merits that are critical for high-speed optical fibre transmission systems:  

·  The CD and PMD of a transmission system can be effectively estimated and 
mitigated without requiring any CD and PMD compensation.  

·  The spectra of OFDM subcarriers are partially overlapped, resulting in high optical 
spectral efficiency.  

·  The electrical bandwidth requirement can be greatly reduced for the OOFDM 
transceiver by using direct up/down conversion, which is extremely attractive for the 
high-speed circuit design, where electrical signal bandwidth determines the cost.  

·  The signal processing in the OFDM transceiver can take advantage of the efficient 
algorithm of Fast Fourier Transform (FFT) and Inverse Fast Fourier Transform 
(IFFT), indicating that OFDM has superior scalability over the channel dispersion 
and data rate. This is partly because the rapid progress in digital signal processing 
(DSP) makes such a high-speed digital processing at optical data rates feasible. 

·  The possibility of digitally processing of transmitted signals. This allows the possible 
correction of amplitude/phase distortions at little or no extra cost in the digital parts 
of the receiver. 

In terms of OOFDM transmission system design, the most critical requirement is linearity in 
modulation, transmission, and demodulation, in which a fundamental challenge is that a large 
number of OFDM subcarriers are needed so that the transmission channel affects each 
subcarrier as a flat channel. According to the above-mentioned requirements, a generic 
OOFDM system can be divided into five functional blocks including (i) RF OOFDM 
transmitter, (ii) RF-to-optical (RTO) up-converter, (iii) optical channel, (iv) optical-to-RF 
(OTR) down-converter, and (v) RF OOFDM receiver.  According to the detection 
approaches, the OOFDM systems can be divided into two categories, namely coherent 
detection OOFDM (CO-OOFDM) [31] and direct detection OOFDM (DD-OOFDM) [27].  
Detailed descriptions of CO-OOFDM [31]-[37] and DD-OOFDM [38], [43] are presented 
below, with special attention being focused on adaptively modulated OOFDM (AMOOFDM) 
[44], [47]. 

3.1.1 Coherent transmission and coherent detection approach 

CO-OOFDM employs a coherent transmitter and a coherent receiver [28]-[30]. A general 
architecture of the CO-OOFDM transmitter/receiver is shown in Fig. 3-2. At the transmitter 
end, the encoded input data is mapped onto each subcarrier. After applying an IFFT to these 
sub-carriers, subsequently inserting cyclic prefix (CP) to each symbol, and parallel to serial 
conversion, two digital time domain signals are obtained, which are then converted into two 
waveforms using two digital-to-analogue converters (DACs). The use of CP is to prevent the 
inter-symbol interference (ISI) due to channel dispersion. The baseband signal can be up-
converted to an optical signal using an in-phase/quadrature (I/Q) modulator. At the receiver 
end, by an IQ demodulator, the OOFDM signal is first down-converted to the baseband, 
which are then converted into two analogue waveforms by two analogue-to-digital converters 
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(ADCs), and demodulated by performing FFT and baseband signal processing to recover the 
data. 

 
Fig. 3-2:  Coherent optical OOFDM schematic diagram.  

 

The CP is essentially a copy of the last fraction of each time domain OOFDM symbol. It is 
added to the front of the corresponding symbol in the transmitter. This treatment produces 
quasi-periodically extended time domain OOFDM symbols, leading to the maintenance of the 
orthogonality between sub-carriers within the symbol. More importantly, due to the CP 
insertion, the channel dispersive effect becomes equivalent to a cyclic convolution. If the CP 
length is larger than the expected maximum delay spread to be encountered, after transmitting 
through the channel, the dispersive effect is localized within the prefix region only. Prior to 
performing the FFT in the receiver, the distorted CP is removed, thus the OFDM symbol 
carrying useful information can be recovered without interference between different symbols. 
As the CP duration can be chosen by design, in principle, AMOOFDM can be made free from 
any arbitrary delay spread. It is worth emphasizing that a CP does not convey any useful 
information, therefore, the use of a CP wastes a fraction of the transmission capacity of the 
system. CO-OOFDM is a spectrally efficient solution and theoretically provides better optical 
signal-to-noise ratio (OSNR) sensitivity and CD/PMD insensitivity [28]-[30]. However, CO-
OOFDM requires not only coherent transmission and coherent signal detection, but also a 
local laser at the receiver to perform frequency-down conversion, as shown in Fig. 3-2. As 
CO-OOFDM suffers considerably from the laser frequency offset and phase noise effect, very 
narrow line-width lasers are, therefore, required at both of the transmitter and receiver, 
together with sophisticated tracking algorithms to track variations in both laser frequency and 
phase.  Therefore, CO-OOFDM requires very expensive and bulky equipment. As a result, 
CO-OOFDM is considered to be a promising candidate for long-haul transmission systems 
only, but not for cost-sensitive cases such as access networks or in-building networks.  

The resilience of CO-OOFDM to the impacts of CD, PMD and fibre nonlinearity has been 
experimentally demonstrated [28], [29], [32], [34]. For instance, CO-OFDM OSNR penalty at 
10 Gb/s has been reported below 2dB for total CD up to 51 ns/nm [28]. The CO-OOFDM 
transmission experiment has firstly been reported for long-haul 1000km SMF transmission at 
8 Gb/s [35]. Another CO-OOFDM transmission experiment has been demonstrated for 
4160km SMF transmission at 20 Gb/s, by introducing a low-power RF-pilot tone to 
compensate the phase noise impairments at the receiver [36].  More recently, a 107 Gb/s CO-
OOFDM transmission over 1000km SMFs has also been demonstrated using 5 orthogonal-
band multiplexing [37].  It should be noted that all these experimental results are obtained 
without CD compensation. 
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3.1.2 Direct detection approach 

Along with the development of CO-OFDM, various approaches of OOFDM transmission 
systems incorporating incoherent signal detection (DD-OOFDM) have also been investigated 
independently and actively by a large number of groups [38]-[46]. 

 
Fig. 3-3: The schematic diagram of OOFDM transmission with direct detection.  

 

Fig. 3-3 shows a schematic diagram of a DD-OOFDM transmission link [39]. Two DACs are 
required to carry I and Q components of the IFFT output. An electrical RF up-conversion 
stage is used to allow the complex baseband OOFDM signal to be mixed with an RF carrier 
before driving an optical intensity modulator (IM). The analog up-conversion allows flexible 
placement of the signal spectrum relative to the optical carrier. An optical filter is used to 
suppress one optical sideband.  At the receiver, the RF band is down-converted to the 
baseband I and Q components by mixing with a 0-degree and 90-degree phase of a local 
oscillator at the RF frequency. After applying FFT to both the digitalized I and Q 
components, each subcarrier is equalized to compensate for phase and amplitude distortions 
by using the pilot tone technique. After demodulation, transmitted data can be recovered.  

It should be pointed out, in particular, that, as a result of square law detection, the received 
signal in the electrical domain consists of a number of mixing products [39]. These can be 
classified into: 1) the useful components from which the data is recovered, 2) the unwanted 
components which fall within band and limit the BER performance of the system, and 3) 
unwanted components which fall out of band. The useful components are the difference terms 
which result from the mixing of the OFDM sideband and the optical carrier. The unwanted 
inband terms are the result of mixing between the OFDM sideband and the OFDM sideband. 
The use of a frequency guard band ensures that all of the mixing products between OFDM 
subcarriers fall out of band and do not degrade performance. 

Two similar variants of DD-OOFDM schemes are plotted in Fig. 3-4. Fig. 3-4(a) shows a 
scheme using incoherent transmitter and direct detection receiver. Hermitian symmetry at the 
IFFT input is required to generate a real-valued IFFT output, then an optical intensity 
modulator is used to generate a double sideband optical signal and one sideband is suppressed 
using an optical filter. As the electrical input to the optical modulator is a real, baseband 
signal, therefore, only one DAC is required. At the receiver, the real-valued signal is 
converted using an ADC, demodulated using FFT, and finally equalized to recover the data.  
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 (a) 

 

(b) 

Fig. 3-4: Two different schematic designs of DD-OOFDM transmission. (a). Transmitter using 
Hermitian symmetry and an optical filter. (b) Transmitter using a frequency domain Hilbert transform. 

 

Another DD-OOFDM transmitter design is to use a coherent transmitter and a DD receiver, as 
shown in Fig. 3-4(b). This design produces an optical single sideband signal by using a signal 
and its Hilbert transform to drive an optical IQ modulator. A Hilbert transform can be 
generated simply by setting half of the IFFT inputs to zero in the OOFDM transmitter. The 
IFFT output is then a single sided, analytic signal and its real and imaginary components are 
used as the I and Q inputs of the complex optical modulator for optical single sideband 
transmission without an optical filter. This design requires two DACs. The corresponding 
receiver has a structure similar to that described in Fig. 3-4(a). 

In comparison with CO-OOFDM, DD-OOFDM is a simple and cost-effective solution.  
However, its CD and PMD tolerance is lower than that corresponding to CO-OOFDM, due to 
the fact that the square law photodetector do not preserve perfectly the phase information of 
the transmitted optical signal. Over the past two years, DD-OOFDM techniques have been 
extensively investigated for various optical application scenarios. For example, experiments 
have demonstrated a 32 optical WDM channel, 10 Gb/s per channel transmission in 4000 km 
long-haul SMF [40] and 10 Gb/s in 300 m MMF transmission [42], using the approach of Fig. 
3-3. Further experiment has demonstrated a 24 Gb/s over 730 m transmission with a vertical-
cavity–surface-emitting-laser (VCSEL)-based IMDD MMF link, having a 3dB bandwidth of 
approximately 1.5 GHz.km [43].  The later results suggest the feasibility and cost efficiency 
of DD-OOFDM in network applications such as access networks or in-building networks.  

3.1.3 AMOOFDM approaches  

AMOOFDM [47] is a special case of OFDM where the output signal from the IFFT is a real-
value and no in-phase and quadrature (IQ-) modulation onto an RF-carrier is required. This 
modulation is generated by introducing OFDM into the optical domain, and subsequently by 
adapting the modulation format for individual sub-carrier within an AMOOFDM symbol 
according to the frequency response of a given transmission link. Each sub-carrier is 
converted into complex values Cn according to an m-QAM constellation mapping, where n = 
0, 1, 2,…, N-1 denotes the sub-carrier number and N is the total number of sub-carriers used 
for transmission. In order to get the real value time-domain waveform for N sub-carriers at 
the output of the Inverse Fast Fourier Transform (IFFT), the length of transform has to be 2N 
points with the condition that the data in the second half of the 2N IFFT points has to be the 
complex conjugate of the data in the first half (the Hermitian symmetry property is 
satisfied: *

2 nnN CC =- ). In this case, the resulting output multi-carrier DMT time-domain 

sequence sk can be seen in Eq. 3-1: 
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The resulting sk is a real valued, baseband multi-carrier signal consisting of 2N sampling 
points. 

To improve the resilience of the DMT signal to adverse effects like the channel dispersion 
and to avoid inter-symbol interference, a cyclic prefix is added to the sk series. This cyclic 
prefix is produced by repeating p samples (taken from the end of the series) at the beginning 
of the series. One DMT symbol thus consists of the following series of 2N+p time samples as 
shown in Eq. 3-2: 

121012122 ,,,,, --+-- NNpNpN ssssss LL  

Eq. 3-2 

The idea behind the cyclic prefix is to allow the symbols to interfere with one another while 
preventing loss of information and while maintaining the orthogonality between the different 
sub-carriers. The number p is called the cyclic prefix length and is adjusted depending on the 
channel dispersion (chosen larger than the significant maximum delay introduced by the 
medium of transmission). Of course the larger the value of p, the lower the data rate as the 
number of useful samples decreases compared to the redundant ones. The series of samples sk 
is then generated by a Digital to Analogue converter (DAC). The relationship between the 
incoming data rate B0 and the rate at which the samples are generated FS by the digital to 
analogue converter is given by Eq. 3-3: 
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In the formula above, mn represents the m-QAM modulation level of the nth sub-carrier. In 
our context, the sampling rate is usually a fixed value set by the performance of the DAC and 
the goal is to maximise the modulation level of the sub-carriers to achieve the highest possible 
aggregate bit-rate.  

At the receiver, the incoming electrical signal is sampled at the same rate as the signal 
generated in the transmitter (FS). The synchronisation of the RX sampler is performed 
iteratively. The cyclic prefix is removed (the optimum part of the symbol required for 
demodulation is found iteratively) and demodulation of the DMT sequence is then carried out 
by using a 2N-point FFT, resulting in the expression shown in Eq. 3-4: 
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The output symbols nĈ  should lead back to the original data symbols Cn.  

In this context, as one of the simplest DD-OOFDM approaches, substantial research efforts 
have been given to explore adaptive modulated (AM) OOFDM in the cost-effective 
distributed feedback (DFB) laser-based IMDD transmission systems without optical 
amplification and dispersion compensation.  The main difference between AMOOFDM and 
DD-OOFDM is the use of signal modulation format on each subcarriers: the modulation 
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format taken on each AMOOFDM subcarrier can be varied according to the frequency 
response of a given transmission link [44]-[48], i.e. a high (low) modulation format is used on 
an AMOOFDM subcarrier suffering a low (high) transmission loss. Any AMOOFDM 
subcarrier suffering a very high loss may be dropped completely if there are still a large 
number of errors occurred even when the lowest modulation format is employed.   
To identify the highest signal-modulation format that should be used on each subcarrier, 
negotiations take place between the transmitter and the receiver in the initial stage of 
establishing a connection over an arbitrary transmission link. The signal modulation format 
can vary from differential binary phase shift keying (DBPSK), differential quaternary PSK 
(DQPSK), and 16 QAM to 256 QAM, depending upon the frequency response of a given 
transmission link. As a direct consequence of such a subcarrier modulation format 
manipulation, the maximized transmission performance is achieved. Such a subcarrier 
modulation operation provides the AMOOFDM technique with a unique feature of utilizing 
very effectively the frequency response characteristics within the entire transmitted signal 
spectral region. The scheme of AMOOFDM is illustrated in Fig. 3-5. In the transmitter, an 
incoming binary data sequence is encoded to a serial complex numbers by using various 
modulation formats.  An IFFT is then applied to each set of subcarriers to generate parallel 
real-valued AMOOFDM symbols. A DAC is used to convert the digital data sequence into an 
analog signal waveform, which is then to drive a DFB laser to produce an optical 
AMOOFDM signal waveform; the optical signal is coupled into a fibre link and optically 
filtered into a single sideband. In the receiver, the optical signal emerging from the 
SMF/MMF link is detected by a square-law photodetector. After passing through a low band-
pass filter and an ADC, the electrical signal is decoded into the original sequence by the 
receiver, which is the inverse of the transmitter. 

 
Fig. 3-5: Adaptively modulated OOFDM schematic diagram. 

 

It has been shown [45], [46] that, AMOOFDM can support 30 Gb/s over 40km SMF 
transmission with a loss margin of greater than 4.5 dB in the simple IMDD configurations 
employing DFBs with 3 dB modulation bandwidths of 10 GHz. Since the DFB laser 
frequency chirp, which is directly related to its corresponding modulation bandwidth, is one 
of the main factors limiting the maximum achievable transmission performance of the 
technique for transmission distances of <80km, it is, therefore, expected that the practical 
availability of directly modulated DFBs having bandwidths of 29 GHz [49] is able to enhance 
significantly the AMOOFDM signal transmission performance. Adaptive Cyclic Prefix 
(ACP) technique [50] can also improve the transmission capacity by a factor of 1.3 for up to 
80km SMFs with 1dB link loss margin enhancement, while relaxing considerably the 
requirement on the DFB bandwidth. Moreover, 30 Gb/s over 80km SMF amplification-free 
transmission has been achieved [51] by using carrier-suppressed, single-sideband OOFDM 
signals, and 10Gb/s over 1200 km SMF transmission is also feasible for such systems with 
optical amplification. By using subcarrier modulation (AMOOFDM-SCM) [52], the 
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maximum achievable signal transmission of >60Gb/s over 60 km SMFs has also been 
reported in single-channel, IMDD links without optical amplification. 

Apart from the SMF-based transmission systems, MMF-based access networks have also 
attracted significant research attention. MMF-based access networks are more cost sensitive 
and under even more increasing pressure to meet the surge in demand for offering, cost 
effective broadband service. As significant cost savings can be realized, enterprise customers 
prefer to use their already installed MMFs rather than pulling new fibres to upgrade their 1 
Gb/s MMF links to 10 Gb/s and above. The primary technical difficulty in upgrading installed 
MMF links is the highly variable modal dispersion present in the graded index MMF due to 
imperfections in the fibre refractive index profiles [53]. This causes great variations in the 
3dB effective bandwidths, which range from 200 to 2600MHz.km with 17% being even less 
than the overfilled launching (OFL) bandwidth-length product specification of 500MHz.km 
[54]. Moreover, the 3dB bandwidths are also very sensitive to various restricted launch 
conditions [55]. 

AMOOFDM has shown great potential for implementation in MMF-based access networks. It 
has been shown [56] that 40 Gb/s over 220 m and 32 Gb/s over 300 m IMDD AMOOFDM 
signal transmission with loss margins of 15 dB is feasible in installed worst-case MMF links 
having 3 dB effective bandwidths as small as 0.15 GHz.km. In addition, AMOOFDM also 
reveals excellent performance robustness to various fibre types, variation in launch conditions 
and signal bit rates [57]-[59]. Furthermore, AMOOFDM has the potential for supporting 100 
Gb/s in 100m installed MMF links [57]. The above-mentioned capacity versus reach is far 
beyond the transmission performance achieved by any other alternative techniques currently 
being investigated in transmission links. Those techniques include, for example, low-cost 
coarse WDM [59], electronic equalization [60] and SCM techniques [61]. 

3.1.4 Comparison of OOFDM approaches 

To summarize the discussion in Sections 3.1.1-3.1.3, the characteristics of the three OOFDM 
approaches are compared in Table 3-1, in terms of modem configuration, achievable 
performance, spectral efficiency, CD/PMD tolerance, OSNR sensitivity, as well as costs and 
suitability. IMDD AMOOFDM is considered to be the best candidate for access and in-
building networks. 

 

Table 3-1: Comparison of the OOFDM approaches 

 CO-OOFDM DD-OOFDM IMDD AMOOFDM 
Transmitter & 
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Thus, OFDM has developed into a popular scheme for wideband digital communication, 
whether over wireless or copper wires. It is widely used in applications such as digital 
television and audio broadcasting, wireless networking and broadband Internet access. In this 
section the OFDM technique is introduced for WDM-PON applications over SMF in the 
central office (CO) and base station (BS). In this context, first, an application of OFDM 
technique using an RSOA in the BS to support wired optical data transport is presented. Then, 
a SOA based intensity modulation study for OFDM transmission from the CO is presented. 
Section 3 also presents the performance of an OFDM signal together with an Interleave 
Division Multiple Access (IDMA) technique. Furthermore, the development of a LED-based 
OFDM transceiver for POF featuring experimental and theoretical studies is presented. 

3.2 WDM-PON colourless with OFDM in CO and BS 
WDM passive optical networks (WDM-PONs) have been widely considered one of the 
strongest contenders for next generation access networks [62], as WDM-PONs are capable of 
offering a number of excellent features including, enormous bandwidth, large splitting ratio, 
extended transmission reach, improved dynamic bandwidth allocation, aggregated traffic 
backhauling and simplified network architecture. A major stumbling block to widespread 
deployment of WDM-PONs is the high cost of WDM-PON equipment, since optical 
transmitters in customer optical network units (ONUs) require wavelengths to be precisely 
aligned with specifically allocated WDM grid wavelengths. The conventional metropolitan 
area network (MAN) or long-haul solution of utilizing wavelength specified lasers is, 
however too expensive for such an application scenario, as a fundamental requisite of the 
solution is a large number of lasers of different wavelengths to implement in each individual 
customer base. This results in high inventory, installation and maintenance cost. 

To effectively reduce the WDM-PON equipment cost, a promising approach is to replace the 
wavelength referencing and control function from each ONU with a central wavelength 
supply from the central office [63], [64]. An alternative approach is to use a tunable laser at 
each ONU. The first technical strategy can enhance the wavelength control functionality of 
WDM-PONs, and the second one makes economic sense because of the availability of 
commercial tunable semiconductor lasers at prices of a few hundred U.S. dollars. The major 
challenge in practical implementation of the aforementioned two strategies is, therefore, the 
provision of cost-effective colourless optical transmitters in ONUs to ensure that the uplink 
transmission performance is independent of the wavelengths assigned dynamically by central 
offices. 

To realize colourless transmitters, a wide range of optical modulators have been proposed, 
including, for example, injection-locked Fabry-Perot lasers [62], reflective semiconductor 
optical amplifiers (R-SOAs) [63] and reflective electro-absorption modulators (R-EAMs) 
integrated with SOAs [65]. Given that the volumes of optical modulators required by WDM-
PONs are potentially very high, it is beneficial if use can be made of monolithically integrated 
semiconductor modulators to reduce the installation and maintenance cost. In addition, such 
optical modulators also have other advantages such as small footprint and low power 
dissipation. 

SOA-based intensity modulators also offer a number of other unique features listed in the 
following:  

• Extremely wide wavelength coverage from 1200-1650nm. This enables the delivery 
of true colourless modulators/transmitters. 
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• Retention of all the intrinsic SOA advantages mentioned above. 

• Considerable transmission performance improvement compared to DMLs.  

• Excellent system flexibility and great performance robustness to variations in SOA 
component parameters. 

• Controllable bandwidths. An SOA bandwidth can be engineered easily by reducing 
its effective carrier lifetime through altering the power of an injected continuous 
wave (CW) optical beam, adjusting the SOA bias current, and selecting appropriately 
device design parameters such as cavity length. 

Apart from that, as the SOA bandwidths are proportional to the inverse of their effective 
carrier lifetimes, SOAs can have bandwidths of as large as >20GHz. Such bandwidths are 
much wider than both typical AMOOFDM spectral widths and those corresponding to DMLs, 
implying that the significantly reduced frequency chirp effect is possible if the DMLs are 
replaced by the SOA-based intensity modulators.   

As discussed in Section 3.1.3, AMOOFDM has demonstrated great potential for providing a 
high speed, low-cost and robust solution for practical implementation in cost-sensitive 
application scenarios. It is greatly advantageous if the feasibility of employing SOAs as 
intensity modulators in AMOOFDM modems can be exploited for achieving colourless 
AMOOFDM transmitters for WDM-PONs. As the optical gain saturation characteristics vary 
significantly with SOA operating conditions and optical signal properties, explorations of the 
wavelength dependent transmission performance of the AMOOFDM signals modulated by 
SOAs are very crucial for evaluating the feasibility of utilizing SOAs to achieve colourless 
AMOOFDM transmitters for WDM-PONs.   

3.2.1 Approach for optical access network with RSOA 

This part presents the results obtained on the OFDM technique applied for optical access 
network. In the first part, we investigate the performance of low bandwidth RSOA operation 
in WDM-PON single fibre architecture at 10 Gb/s. In the second part, the evaluation of 
different solutions for ONU and CO transmitters is shown using AMOOFDM signal 
completed with Levin-Campello power-bit loading algorithm.   

3.2.1.1 RSOA - A colourless ONU solution 

With the fast growth of traffic in telecommunication over 20 last years, recent research and 
development have been focusing on the next generation passive optical network (NGPON), 
such as wavelength division multiplexing PON (WDM-PON) architecture or hybrid 
WDM/TDM-PON solution. Additionally, the wavelength reuse technique is a cost-effective 
solution in WDM-PON systems. In order to centralise wavelength management of the 
channels at the Central Office (CO), a key element in a WDM-PON is the colourless optical 
amplifier and modulator at the optical network unit (ONU). The use of reflective 
semiconductor optical amplifiers (RSOAs) in access network has attracted a lot of attention 
for more than 10 years [66], [67] as a low-cost solution. In addition, investigation on 10 Gb/s 
upstream transmission in RSOA–based PON systems has recently been reported [68]. 
However, this solution was achieved in a two-fibre architecture with optical filtering and 
electronic equalization at the CO.  

In this part, we experimentally investigate the performance of 1 GHz electrical bandwidth 
RSOA operation in WDM-PON single-fibre architecture using 10 Gb/s AMOOFDM 
modulation in an electrical frequency band of 2.5 GHz. 

The experimental configuration is illustrated in Fig. 3-6. At the CO, a 2 dBm CW tunable 
laser at 1530 nm was injected into the link through a multiplexer and a circulator having 2 dB 
insertion loss. The link consists of 20 km SMF fibre, a variable optical attenuator (VOA) and 
the multiplexer. At the ONU, an incoming 10 Gb/s binary data sequence is divided into N 
parallel sub-carrier data streams. All sub-carrier data streams are then converted into complex 
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values according to an m-QAM (Quadrature Amplitude Modulation) mapping, which is 
chosen according to the frequency response and noise of the transmission link (Fig. 3-7, top). 
In this experimentation, we used 128 sub-carriers in which 63 sub-carriers carry input data, 
one sub-carrier contains no power, and the remaining 64 sub-carriers are complex conjugates 
of the aforementioned sub-carriers so as to obtain a real-value AMOOFDM signal. No cyclic 
prefix was used. The signal has an electrical bandwidth of 2.5 GHz. 

The 10 Gb/s AMOOFDM digital signal was generated by MATLAB and uploaded into a 
Tektronix arbitrary waveform generator (AWG) working at 10 GS/s which then converted the 
digital signal into an analogue signal for modulation. The upstream optical signal was 
modulated by an RSOA at the ONU before re-injection into the transmission link. The RSOA 
has a 3-dB electrical bandwidth of less than 1 GHz (Fig. 3-8). The RSOA input CW power 
from a tunable laser was set to -10 dBm. At the CO, the upstream optical signal was detected 
by a 10 GHz square-law photo-detector (avalanche photodiode). The received AMOOFDM 
signal was captured by a real time digital 12 GHz sampling oscilloscope at 40 GS/s. 781 
symbols were captured and processed.  

 

Tx 
CW 

10Gb 
AMOOFDM 

signal 

Rx 

CO 

RSOA 

10Gb AMOOFDM signal 

CW signal 

AWG 

Optical budget 

20 km 

Variable 
attenuator 

Tx 

 

Fig. 3-6: Experimental set up of RSOA solution 

 
The modulation level varied from 4-QAM to 32-QAM according to the frequency response of 
the link and the power was the same for all of the sub-carriers. Total data rate was 9.987 Gb/s. 
bit error rate (BER) was evaluated from computation of the error vector magnitude (EVM) of 
the different sub-carriers (Fig. 3-7, in between). The total BER (BERtotal) of the received 
transmission data was averaged for all 63 sub-carriers. As shown on Fig. 3-7 (bottom), all 
sub-carriers have a BER between 10-3 and 10-6 at   -22 dBm received optical power. An 
average BERtotal of 1.27.10-4 was computed for 20 km transmission.   

Fig. 3-8 shows different BER curves for the upstream transmission through BERtotal 
measurements. For this solution, a BERtotal of 10-4 was measured at -21.5 dBm received 
optical power after propagation through 20 km SMF in single fibre WDM-PON architecture 
(red curve). This shows that despite their limited bandwidth, RSOAs can be used for low-cost 
colourless ONU modules to transmit 10 Gb/s upstream data over 20 km in WDM-PON single 
fibre architecture without decision feedback equalization (DFE) at the receiver. A penalty of 
2.5 dB was measured compared to the back to back (BTB) transmission due to Rayleigh 
backscattering (RB) noise (the sensitivity is considered at a BER of 10-4). With -1 dBm 
optical power at the fibre input, we have a total optical budget of 9 dB for the link (total 
optical losses between OLT and ONU). We have also evaluated transmission at different 
wavelengths. As shown on Fig. 3-9, transmission was possible over a BERtotal of 10-4 between 
1520 and 1550nm (30nm optical bandwidth). 
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Fig. 3-7: Received AMOOFDM upstream signal: 
modulation level (top), EVM (middle), BER 

(bottom)  
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Fig. 3-8: Frequency response of RSOA 
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Fig. 3-9: BER curve of 10 Gb/s upstream 

transmission by remote modulation of 1 GHz 
RSOA 

 

We have also evaluated the transmission performance at different RSOA temperatures. The 
RSOA temperature varied from 15°C to 60°C. In this experiment, the upstream signal was 
detected by 2.5 GHz APD photodiode. Additionally, we have implemented Levin-Campello 
adaptive power bit loading to maximize the transmission performance of this system 
comprised of low-bandwidth components. As can be seen on Fig. 3-10, despite the low 
electrical bandwidth of the RSOA, a maximum bit rate of 9.6 Gb/s was achieved at an RSOA 
temperature of 25°C. The bit rate decreased when the RSOA temperature was increased since 
the gain of RSOA was degraded with increasing temperature, this leads to less output power 
from the RSOA and consequently, the signal to noise ratio incident on the photodetector is 
degraded. This experiment was performed to determine the robustness of the RSOA with 
temperature.  
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Fig. 3-10: Achieved BER v/s RSOA temperature 

 

3.2.1.2 Experimental evaluation of different transmitters using optical OFDM 
compelled with power-bit loading algorithm 

Conventional OFDM systems use a fixed constellation in all sub-carriers. Thus they suffer 
from the sub-carrier with the poorest error performance. One solution to improve the system's 
BER is to perform adaptive power and bit allocation, where the modulation and power of 
each sub-carrier varies. This is done by the use of a "power and bit loading" algorithm. When 
using the algorithm, we suppose that the equivalent transmission channel remains stable in 
time. Performance enhancement can be achieved in this scenario when the transceiver takes 
into account the channel properties. DMT modulation, known as AMOOFDM [47] in optical 
domain, is well suited to adapt the modulation order or equivalently the number of bits as well 
as the power level depending on the channel state information (CSI) for each sub-carrier. The 
CSI can consist of Signal-to-Noise ratio (SNR) per sub-carrier that can be measured at the 
receiver side using probing signals. As a result, sub-carriers with a high SNR will be assigned 
more bits to transmit than sub-carriers with a lower SNR. However, the same quality in terms 
of bit error rate will be targeted. 

In the literature, different discrete loading algorithms are described and try to allocate the best 
combination of power and bit allocation in order to approach the water filling solution. In the 
case of PON transmission based on AMOOFDM modulation, rate-adaptive loading 
algorithms are appropriate to meet the constraint on required power for laser modulation. 
They consist of finding the best power combination (Pn, n=1:N) that maximizes the aggregate 
throughput b over the used frequency band as shown in Eq. 3-5: 
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where the Q function is defined in Eq. 3-7 as: 
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Eq. 3-7 

The Levin-Campello loading method [70] is proven to attain a quasi-optimal solution to the 
optimization problem with low complexity. It takes into account the granularity and the 
maximum allocated number of bits per sub-channel (bitcap) requirements. Rate-adaptive LC 
algorithm starts with the making of an efficient bit distribution. This step ensures that any 
other bit distribution with the same throughput will require more power. A second step 
consists in tightening the bit distribution which means that a bit increase cannot be fulfilled 
without raising the power budget. 

Several discrete loading algorithms have been proposed to adapt the capacity transmitted to 
the transmission media considered. Indeed, this is the case for instance in Power Line 
Communication (PLC) [71], Digital Subscriber Line (xDSL) [72], and Plastic Optical Fibre 
(POF) applications [73]. In this part, we evaluate the performance of different solutions for 
ONU and CO transmitters using AMOOFDM compelled with Levin Campello (LC) adaptive 
power-bit loading algorithm.  

With the use of LC algorithm in AMOOFDM format, we can achieve the same quality in 
terms of bit error rate for all of sub-carriers. 
 

 

Fig. 3-11: Experimental set up 

 

The experiment was performed on TDM-PON architecture and the experimental 
configuration is illustrated in Fig. 3-11. The transmission link considered here consists of a 
transmitter, a receiver and SMF fibre in between. A variable optical attenuator (VOA) was 
used to control the received signal optical power and also to simulate the losses of a coupler 
which was a variable value according to the length of fibre inserted in the link. The digital 
DMT signal was constructed mathematically using MATLAB TM and then injected into an 
arbitrary waveform generator (AWG). The AWG generated the signal at 10 GS/s covering a 
bandwidth of 5 GHz. The signal was generated using 512 IFFT points in order to convey 256 
sub-carriers. Among them, 255 sub-carriers carry m-QAM symbols and the first one contains 
no power. The IFFT inputs are the 256 aforementioned data and their complex conjugates, 
which result in a real signal. The cyclic prefix in time domain is taken to be 1/32. Based on 
the aforementioned parameters, we have a sub-carrier bandwidth of 18.94 MHz, a total 
symbol length of 54.8 ns of which 1.7125 ns is occupied by the cyclic prefix. Each sub-carrier 
was independently modulated (from BPSK to 128-QAM) and their power could be set 
arbitrarily (Fig. 3-14-b3 and Fig. 3-15-a3). Once generated, the AMOOFDM signal directly 
modulated a commercial DFB laser (TOSA package) having less than 1 GHz bandwidth or a 
VCSEL laser (TO package) whose bandwidth is around 2.5 GHz as shown in  
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Fig. 3-12 and  

Fig. 3-13 respectively. The DFB and VCSEL lasers emitted at a wavelength of 1550 nm and 
were modulated at 1.92Vpp and 0.5Vpp respectively. The optical signal generated was injected 
into the transmission link that consisted of 20 km, 50 km, 80 km or 110 km SMF fibre and a 
VOA. At the receiver, the optical signal was detected by a 2.5 GHz avalanche photodiode 
(APD) or a 2.5GHz PIN photodiode. The receiver sensitivities of the PIN and the APD are 
respectively -21 dBm and -31 dBm for an NRZ signal at a bit rate of 2.448 Gb/s and a BER of 
10-10. 769 DMT symbols were captured by a real-time digital oscilloscope at 10 GS/s. 

The BER performance was evaluated from the computation of the error vector magnitude 
(EVM) [74] of the different sub-carriers. The optimization of the system via LC bit loading 
algorithm is a two-step process: first , a probing DMT signal which used only QPSK 
modulation with an equal power on all the sub-carriers was sent to analyze the propagation 
channel. The resulting EVMs (Fig. 3-14-b1 and Fig. 3-15-a1) serve as an input to the LC 
algorithm which is used with a required error rate of 10-4. The optimized signal is generated 
using the results of the optimization algorithm in terms of modulation and power level 
variation for each sub-carrier (Fig. 3-14-b2-b3 and Fig. 3-15-a2-a3). In these experiments, the 
modulation level varied from BPSK to 128-QAM according to the frequency response and 
noise of the transmission link (Fig. 3-14-b2 and Fig. 3-15-a2).  

For reference, Table 3-2 gives the EVM values required to achieve a BER of 10-4 for the 
different modulation formats used. Note that the experiments presented in this document do 
not implement forward error correction (FEC). The performance in terms of bit error rate is 
measured after demodulation. We target a BER value of 10-4 before coding which leads to 
error free transmission (BER after coding better than 10-12) if a FEC solution based for 
instance on the use of a block-turbo code with 3-bit soft decision [BCH(144,128) x 
BCH(256,239)] are used with a redundancy of 24% [75]. So the attained bit rates assume a 
target error rate of 10-4 and do not include 24% FEC overhead. 
 

Table 3-2: EVM values required to achieve a BER=10-4 depending on the modulation level m, 
with corresponding SNR values 

m-QAM modulation EVM value for BER = 10-4 Required SNR (dB) 
BPSK (m = 2) 46.03 % 6.7392 
QPSK (m = 4) 26.7 % 11.4698 

8-QAM (m = 3) 17.73 % 15.1641 
16-QAM (m = 4) 12.24 % 18.2444 
32-QAM (m = 5) 8.61 % 21.2999 
64-QAM (m = 6) 6.03 % 24.3937 
128-QAM (m = 7) 4.32 % 27.2903 
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Fig. 3-14: EVM probe signal results and 

modulation level for VCSEL 

 
Fig. 3-15: EVM probe signal results and 

modulation level for DFB 

 

Fig. 3-16 shows the achieved bit rate at different received optical powers for DFB laser. Despite the 
low electrical bandwidth (less than 1GHz,  

Fig. 3-13), a maximum bit rate of 12.5 Gb/s was achieved over 20 km SMF link and a 
maximum bit rate of 9.9 Gb/s was possible for a 50 km SMF link at an optical power of -14 
dBm when using a 2.5 GHz APD photodetector. 
 

 
Fig. 3-16: Bit rate at different received powers 

 
Fig. 3-17 shows the BER performance at 10.5 Gb/s. This bit rate was optimised for a 20 km 
SMF fibre link. A BER of 10-4 was achieved at -19dBm for 20 km transmission. So with 4 
dBm laser launch power, we have a total of 23 dB optical budget, which enables a TDM-PON 
architecture comprising 20 km SMF (4dB losses) and 1x64 splitter (18dB losses). As 
expected, the sensitivity of the PIN photodiode was 4 dB less than that of the APD 
photodiode. 
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Fig. 3-17: BER v/s received optical power for DFB 

We have also evaluated the achieved bit rate at different transmission distances for the DFB 
laser solution.  The BER as a function of distance is shown in Fig. 3-18. There is a reduction 
on transmission capacity when the transmission distance increases due to frequency-chirping. 
The transmission distance < 50 km, is mainly limited by frequency-chirping. Beyond this 
transmission distance region, the impact of the frequency chirp decreases. The transmission 
distance region of > 50 km is loss limited. Fig. 3-7(b) confirmed the existence of frequency-
chirp and loss-limited transmission regions. Over the loss-limited region of 50 km, the 
replacement of a 2.5 GHz PIN photodetector by a 2.5 GHz APD will significantly improve 
the transmission performance. Note that the experiments (results shown on Fig. 3-18) was 
performed and optimized at the receiver sensitivity of each photodiode for AMOOFDM 
signal at a BER of 10-4 for all sub-carriers (P = -14.5 dBm for PIN and -18.5 dBm for APD). 
 
 
 
 

 

 

 

 

 

 

 

 

Fig. 3-18: Bit rate v/s transmission distance for DFB, detected by PIN and APD photodiode

 
As can be seen on Fig. 3-19 by using a 2.5 GHz APD photodetector, we can reach a maximum 
transmission bit rate of 12.5 Gb/s on 20 km SMF link at a received optical power of -13.8 dBm, 
and a bit rate of 10 Gb/s was achieved for a 50km SMF link at an optical power of -18.4 dBm. 
However, transmission over 50 km SMF is impossible when the 2.5 GHz PIN photodiode was 
used due to the low output optical power of the VCSEL laser (around -7 dBm) and the low 
sensitivity of the photodiode. For transmission at 10.7 Gb/s (result shown on Fig. 3-20), there is 
no chromatic dispersion penalty on 20 km link compared to the BTB curve. However, there is a 
slight penalty due to chromatic dispersion on the 50 km SMF link. Fig. 3-20 also confirmed the 
optical budget gain when the PIN photodiode is replaced by an APD photodiode.  
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Fig. 3-19: Bit rate at different received powers (20 and 50 km) for VCSEL 

 

 
Fig. 3-20: BER v/s received optical power for VCSEL 

 
 
By implementing LC adaptive power-bit loading algorithm in AMOOFDM format for channel 
capacity optimization, we can reach the maximum transmission performance. These results 
demonstrated the feasibility of using a cost-effective and upgradable solution for future 
generation PON systems without changing infrastructure and additional optical devices. 

3.2.2 Colourless AMOOFDM transmitters using semiconductor optical amplifier 
as intensity modulators  

3.2.2.1 AMOOFDM transmission system diagram using SOAs as intensity modulators  

In Fig. 3-21 the schematic transmission system is illustrated, which consists of a transmitter, an 
optical amplification- and CD compensation-free IMDD SMF link, an optical band-pass filter, a 
square-law photo detector and a receiver. As showed in Fig. 3-21, a real-valued OFDM signal in 
the electrical domain drives directly an SOA with a strong CW optical wave being injected 
simultaneously. The power of the injected optical wave mimics the SOA gain variation induced 
by the electrical OFDM signal. Thus intensity modulation can be realized using the SOA-based 
intensity modulator. 
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Fig. 3-21: Transmission system diagram together with block diagrams of the transmitter and the receiver 

 

3.2.2.2 Performance using SOA-based intensity modulators at 1550nm 

To gain an in-depth understanding of the transmission performance of AMOOFDM signals over 
SMF IMDD systems using SOA-based intensity modulators, a contour plot of maximum 
achievable signal line rate as a function of CW optical input power and bias current is shown in 
Fig. 3-22 for a fixed wavelength of 1550nm. In Fig. 3-22, a 60km SMF IMDD transmission 
system is considered.   

 

Fig. 3-22: Contour plot of signal line rate as a function of CW optical input power and bias current for a 
60km SMF IMDD transmission system.  

  

Fig. 3-22 shows that there exists an optimum SOA operating condition region: a 20 dBm CW 
optical input power and a 100 mA bias current, corresponding to which a maximum signal line 
rate is observed. The optical power-dependent reduction in both effective carrier lifetime and 
signal extinction ratio is the major physical process underpinning the occurrence of the optimum 
CW optical input power observed in Fig. 3-22 with increasing CW optical input power, 
effective carrier lifetime of the SOA is reduced. A short effective carrier lifetime offers a 
sufficiently wide bandwidth for modulating the AMOOFDM signal. On the other hand, the 
extinction ratio of the modulated AMOOFDM signal drops with increasing CW optical input 
power. As a direct result, the effective OSNR of the modulated signal reduces for a transmission 
system having a fixed receiver sensitivity.  

After having optimized the operating conditions of the SOA-based intensity modulator, the 
maximum achievable AMOOFDM transmission performance for 1550 nm is shown in Fig. 
3-23.   It is very interesting to note from Fig. 3-23 that, in comparison with the DML-based 
intensity modulator, the SOA-based intensity modulator enhances the AMOOFDM transmission 
performance across the entire transmission distance. In particular, such an enhancement is more 
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pronounced over the CD-dominant performance region. For instance, the SOA-based intensity 
modulator supports a 30 Gb/s AMOOFDM signal transmission over a 80 km SMF, which 
doubles the performance corresponding to the DML-based intensity modulator. The above-
mentioned performance enhancement is mainly due to the considerably reduced frequency chirp 
effect resulting from the strong SOA gain saturation-induced bandwidth broadening. Relatively 
low extinction ratio and clipping of the SOA modulated AMOOFDM signals are the key factors 
limiting the maximum achievable transmission performance.  
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Fig. 3-23: Maximum achievable signal transmission capacity versus reach performance of AMOOFDM 

signal for various transmission systems. 

 

3.2.2.3 Transmission performance of SOA-based colourless AMOOFDM transmitters 

In order to achieve colourless AMOOFDM transmitters for WDM-PONs, the optimum SOA 
operating conditions for different CW wavelengths are explored in Fig. 3-24, where contour 
plots of signal line rate as a function of both optical input power and bias current are presented 
for the wavelength range of 1510-1590 nm. Fig. 3-24 shows that, for a specific wavelength, 
there exists an optimum bias current and an optimum optical input power, corresponding to 
which a maximum signal line rate is obtained.  It is very important to note in Fig. 3-24 that the 
optimum SOA operating conditions are wavelength dependent, i.e., with increasing CW 
wavelength, the optimum SOA bias current decreases with the optimum optical input power 
remaining almost unchanged. For example, for 1510 nm, the optimum bias current and the 
optimum optical input power are approximately 200 mA and 20 dBm, respectively; whilst for 
1590 nm the values of these two parameters are approximately 50 mA and 20 dBm. The impact 
of CW wavelength on the optimum SOA bias current can be explained by the fact that, a long 
CW wavelength shifts the linear region of the current-gain curve towards a low bias current. On 
the other hand, the insensitivity of optimum optical input power to CW wavelength is a direct 
result of deeply saturated optical gain of the SOA. For such a case, several key factors are 
insensitive to CW wavelength, which include SOA optical gain, effective carrier lifetime and 
signal extinction ratio.  By operating the SOA at the optimum operating conditions 
corresponding to different wavelengths, a <3 Gb/s variation in maximum achievable signal line 
rate is obtained across an entire wavelength range of 80 nm, as shown in Fig. 3-24. This 
indicates that colourless AMOOFDM transmitters are achievable when different optimum SOA 
operating conditions are chosen corresponding to different CW wavelengths. 
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(a) 1510nm                                          (b) 1530nm                                              (c) 1550nm 

   

           (d) 1570nm.                                     (e) 1590nm 

Fig. 3-24: Contour plots of signal line rate as a function of CW optical input power and bias current for 
different CW wavelengths 
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Fig. 3-25: Signal capacity versus reach performance for different CW wavelengths 

 

The maximum achievable AMOOFDM transmission capacity versus reach performance is 
shown in Fig. 3-25. Within a broad wavelength region of 1510-1590 nm, an almost wavelength 
insensitive AMOOFDM transmission performance is obtainable for transmission distances of 
up to 150 km. In particular, the SOA-enabled colourless transmitter is capable of supporting 
>30 Gb/s signal transmission over 60 km SMF, as shown in Fig. 3-25. It should be pointed out 
that the worst transmission performance at 1590nm is mainly due to the long wavelength-
induced strong CD effect.  

It is also worth addressing that the transmission performance of the colourless transmitters is 
very robust to variations in SOA parameters such as saturation energy and SOA length. Such a 
unique feature may offer great opportunities for: a) easing practical system designs, b) 
enhancing flexibility and robustness of transmission systems to component perturbation and 
extreme environmental conditions, and finally c) further reducing cost in system installation and 
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maintenance. This strengthens further the technical feasibility of employing optimized SOA 
intensity modulators to achieve colourless AMOOFDM transmitters for WDM-PONs.     

3.3 OFDM-IDMA for PON  

3.3.1 OFDM-IDMA Technique description 

Orthogonal frequency division multiplexing (OFDM) is a promising technique for optical 
access networks. Its robustness, easy equalization against fibre dispersion induced impairments 
and flexibility have been demonstrated through different papers. In this context, it is a natural 
step to study possible alternatives to be used with this modulation format in order to make 
possible the presence of a certain number of users in a passive optical network (PON). When 
talking about the upstream scenario, the traditional techniques for such purpose in the optical 
communications world are time division multiple access (TDMA), wavelength division multiple 
access (WDMA), subcarrier multiple access (SCMA) and optical code division multiple access 
(OCDMA) [76].  

Some of the desired features required to be found in a multiuser access technique are low 
complexity, dynamic resource allocation, service transparency and scalability. In [77], [78] a 
technique very well known in wireless communications was investigated: OFDM-Access 
(OFDMA). Fig. 3-26 shows schematically the bandwidth resource division between users for 
the uplink direction. OFDMA makes use of the orthogonality between subcarriers provided by 
OFDM. It is similar to SCMA, but this orthogonality reports a valuable bandwidth saving 
compared with SCMA. Furthermore, it takes advantage of the parallel processing and 
heterogeneous service support which are possible thanks to OFDM processing.  

 

 
Fig. 3-26: Bandwidth allocation in a PON with OFDMA for the uplink direction 

 

Despite of its advantages, the technique could be further improved, making possible the 
simultaneous presence of data from different users in the same electrical bandwidth. In this 
direction, the multicarrier-CDMA technique, which combines OFDM and different codes for 
different users, has also been investigated for PONs [79]. In this way, as it is pointed out in this 
paper, the electrical bandwidth previously reserved for determined services or to satisfy a 
minimum demand from an ONU, may be shared by the different ONUs. In the case, this 
electrical bandwidth is not used by its corresponding ONU because it is not operating, this 
resource is used and not wasted. As the main inconvenience, CDMA introduces multiple access 
interference (MAI), since the orthogonality between codes is lost when information is 
transmitted through the optical channel. In order to deal with interference, single user detection 
techniques, for which a suboptimal performance is obtained, or multiuser detection techniques, 
in which complex operations are involved, can be employed.  

We propose the combination of OFDM and Interleave Division Multiple Access (IDMA). 
IDMA was proposed in 2003 by Li Ping [80], and is similar to CDMA, but taking advantage 
that the division between users is obtained at a chip level, the receiver complexity is reduced by 
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employing a chip-by-chip (CBC) iterative turbo type receiver. IDMA does not aim to suppress 
MAI as CDMA does, but deals with it in an efficient way. The combination of OFDM with 
IDMA was suggested in [81] and [82].The coexistence of data from different users in the same 
frequency band is then obtained by employing merely different interleavers for each user.     

IDMA randomly reorders the chips coming from a forward error coding (FEC) stage at the 
transmitter, and thus OFDM-IDMA benefits from both time-domain and frequency domain 
diversity, which is advantageous for fading channels. Besides, in the same manner CDMA 
inherently provides security data performance between users, IDMA also provides it since the 
chips must be reordered appropriately at the receiver in order to detect properly the data. Fig. 
3-27 shows this working principle for two users. 

 

 
Fig. 3-27: IDMA working principle for two users. 

 
Several papers on OFDM-IDMA have been published remarking its advantages: the complexity 
of the iterative receiver is linear with the number of users, resilience to fading channels [83], in 
[84] OFDM-IDMA is compared with other approaches such as multicarrier CDMA (MC-
CDMA) and OFDMA for uplink transmission in 4G mobile networks and it is shown that 
OFDM-IDMA takes advantage of the multiuser gain, allowing a more power efficient use as the 
number of users increases. In order to reach high bit rates, superposition coded modulation 
technique is employed instead of using higher modulation formats than QPSK (QPSK facilitates 
the implementation of the turbo iterative receiver necessary for IDMA), in which an appropriate 
number of code streams is assigned to each user, thus providing rate adaptation. It finally 
concludes that IDMA is a competitive candidate for the next generation of mobile networks. 
IDMA principle has also recently been investigated for PONs [85] in combination with optical 
intensity modulation.  

3.3.2 System description 

The essential parts of the OFDM-IDMA transmitter are the FEC stage and the interleaver. The 
FEC stage outputs a block of chips in which each one of them is related by the code constraints 
with some (spreading or repetition code) or all of the rest of chips (convolutional code). The 
interleaving process objective is to disorganize this block in such a way the sequence of chips 
“does not make sense” for the FEC decoder unless it is re-organized to its previous order. For 
the FEC stage, a concatenation of a convolutional code with rate ½ and a repetition code can be 
employed. The repetition code, although a weak coding system, allows an extra degree of 
freedom and simple processing at the receiver. Low-rate FEC codes can be also employed, in 
such a way spreading operation is avoided [86]. 

As it has been commented previously, OFDM-IDMA employs an iterative receiver, consisting 
of three main parts: the elementary signal estimator (ESE), the (de)interleaver (different for each 
user) and the a-posteriori decoder (DEC). Fig. 3-28 shows a scheme of the OFDM-IDMA 
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system. The ESE and the DEC interchange iteratively extrinsic information on the chips, that is, 
the information on the probability that a certain chip is +1 or -1 gleaned from the channel and 
code constraints. The signal received by each user is composed of a comb of complex symbols 
at each subcarrier affected by a complex factor which represents the channel transfer function 
for that user plus the interference from the rest of users and a Gaussian noise with zero mean as 
can be seen in Eq. 3-8: 

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )jjxjHjZjxjHjxjHjZjxjHjr mmm
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Eq. 3-8 

    
where k is the number of users, ( )jHm  is the channel transfer function value for the mth at the 

jth subcarrier, ( )jxm  is the QPSK symbol of the mth user carried at the jth subcarrier and ( )jZ  

is the added noise.  After developing frequency equalization by multiplying each subcarrier 

by ( )jHm
* , under the assumption that the term ( ) ( ) ( )jjHj mmm xx *~

=  is Gaussian distributed 

(approximately true for enough number of users by the central limit theorem), the ESE 
computes the extrinsic information on ( )jxm , ( ))( jxeESE . This value will depend on the 

statistics of ( )jmx
~

, its mean and variance, which at the same time depends on the information 

symbols. 
 

 
Fig. 3-28: Transmitter and receiver scheme of an OFDM-IDMA system 

 
This extrinsic information, together with the soft channel version of the equalized received 
signal ( ) ( ) ( )jrjHjr mmm

*~ =  are deinterleaved and fed to the a-posteriori decoder. The BCJR 

algorithm [87] calculates the probability that a certain chip is +1 or -1. Its log-MAP approach 
seems to be the most convenient for a trade-off between performance and complexity, but soft 
output Viterbi algorithm (SOVA) must be also investigated for this optical communications 
scenario. Thanks to the interleaving/deinterleaving process, the sequence of corrupted chips 
which matches better with the code constraints will stand out, and the interference imposed by 
the other users will be, iteration after iteration, diminished. A feedback from the DEC to the 
ESE is needed in this iterative system in order to compute more reliable statistics of the 
term ( )jmx

~ . This process is repeated a certain number of iterations or until some criteria is met. 
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At the last iteration, a hard decision is made on the soft information provided by the APP 
decoder and the information bits are obtained.   

For the preliminary results obtained here, the OFDM transmitter employs a ½ convolutional 
code with polynomial generators 171 and 133 and constraint length equals to 7, and a repetition 
code with code rate adjusted conveniently. At the input of the convolutional coder, some bits are 
added for termination. This termination bits will decrease the information bit rate, especially 
when the block length at the input of the convolutional coder decreases. But these termination 
bits can be avoided by employing tail-biting. After the repetition coding, the chips are randomly 
interleaved, QPSK mapping and IFFT processing are performed, the OFDM signals from the 
different users are summed up, and the resulting electrical OFDM signal is digital-to-analog 
converted and optically modulated using a Mach-Zehnder modulator (MZM) which is biased at 
the quadrature point.  One of the frequency sidebands is suppressed by means of an optical 
filter. At the receiver, the optical signal is photodetected, down-converted, analog-to-digital 
converted and after synchronization the OFDM symbols are obtained in time-domain. After 
FFT processing to obtain the complex symbols in the frequency-domain, a Gaussian noise with 
zero mean and a certain variance is added.  

For the constellations shown in Fig. 3-29, Fig. 3-30 and Fig. 3-31 and, the number of subcarriers 
is 1024 which occupy a bandwidth of 5 GHz. The numbers of users are 4, 8 and 16 and the 
repetition code rate is adjusted to ½, ¼ and 1/8, respectively. The plots show, for a certain user, 
the constellations of the QPSK received symbols together with the expected values of the QPSK 
symbols at each iteration. The error vector magnitude is also indicated. 
 
·  Number of users equal to 4 
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Fig. 3-29: User #1. a) Received QPSK symbols, b) Expected QPSK values after the first iteration. 
EVM=83.83%, c) Expected QPSK values after the second iteration. EVM=66.5%, d) Expected QPSK 

values after the third iteration. EVM=0.47% 

 
 
·  Number of users equal to 8
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Fig. 3-30: User #7. a) Received QPSK symbols, b) Expected QPSK values after the first iteration. 
EVM=81.36%, c) Expected QPSK values after the second iteration. EVM=60.38%, d) Expected QPSK 

values after the third iteration. EVM=12.93%, d) Expected QPSK values after the fourth  iteration. 
EVM=0.00% 

·  Number of users equal to K=16 Users
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Fig. 3-31:  User #9. a) Received QPSK symbols, b) Expected QPSK values after the first iteration. 
EVM=82%, c) Expected QPSK values after the second iteration. EVM=64.39%, d) Expected QPSK 
values after the third iteration. EVM=24.13%, d) Expected QPSK values after the fourth  iteration. 

EVM=0.00



The combination of OFDM-IDMA can provide a very efficient way of separating users in a multiuser 
scenario. The results here are preliminary results and intend to give a first impression of the potential 
of this technique. The OFDM-IDMA system must be optimized in general (variance and channel 
estimation, system coding,…) and for the particular use in an optical network (simplified versions of 
the algorithm, performance in the presence of fibre systems impairments,…). Further research in this 
topic may provide us with a low cost iterative multiuser detection, power and spectral efficient 
technique to be used in passive optical networks. 

3.4 Feasibility analysis of cost effective 1 Gb/s transceivers for POF  
The feasibility of 1 Gb/s transmission over various lengths of POF (from 10m to 100m) was already 
demonstrated in pioneer laboratory set ups using different modulation technologies [88], showing that 
it is possible to overcome bandwidth and attenuation limits of this kind of fibre by a proper 
optimization of optical components and/or digital signal processing techniques.  

In this section we would like to tackle the issue to develop a cost effective 1 Gb/s transceiver for POF, 
suitable for home network and in-building applications; coherently with this scope, LUCEAT initial 
activities were mainly based on techno-economic considerations in order to find the best compromise 
between performances (bandwidth and distance) and costs (R&D and components). In addition, being 
this solution compliant with a “Do It Yourself” concept, other factors were stressed, like, for example, 
the insensitivity of the system to the installation conditions: the reliability of a fibre cabling could be 
low if the installation is made by unskilled people, with possible negative impacts on the real 
bandwidth and attenuation of the installed fibre. Obviously, this could have a negative effect on the 
reliability of the whole optical system. 

The “robustness” of the solution led the first experimental activities that were oriented to confirm, in 
accordance with the propagation theory in POF, that the fibres are more insensitive (in terms of overall 
bandwidth and attenuation) to external stresses (such as tight bending) when their propagation 
conditions are close to EMD (Equilibrium Modal Distribution). This was experimentally verified in 
Luceat's labs with bandwidth and numerical aperture measurements on different lengths of fibre (from 
1 to 100m) using different light source technologies (LEDs, RC-LEDs and VCSELs). 

Moreover, a fundamental consequence of the use of EMD launching condition is that the bandwidth of 
the fibre is independent of the light source (see for example Fig. 3-32 below), making it possible to 
consider the POF bandwidth (at EMD condition) as a “constant” of the system.  

Fig. 3-32: 50m POF bandwidth using different light sources (LED and VCSEL) with a launching condition close 
to EMD  (the graph is in “dB optical”, so that for instance the optical 3 dB bandwidth is approximately equal to 

75 MHz) 
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Referring to this milestone, it was possible to compare different modulation technologies; in 
particular, the analysis was oriented to the OFDM modulation (already used in lab experiments [88]), 
that has proposed itself as a very promising solution for high data rate transmission over POF.  

In section 3.5, it will be described the development of an optoelectronic transmitter and receiver that is 
suitable for OFDM, whose peculiarity is to be based on a commercial LED and a large area 
photodiodes, making it feasible the perspective to produce a low cost device. In the same Chapter, we 
will present a theoretical study performed by POLITO that estimates the maximum bit rates achievable 
over this optoelectronic. 

The drawbacks of OFDM solutions are mainly related to the commercial availability of electronic 
chipsets for the transmitter and receiver suitable for data rate close to 1Gbps and necessary for the 
development of transceivers. 

In order to overcome this temporary techno-economic limits of this multi-carrier modulation 
technology, also a binary solution was studied (see chapter 6); in spite of its large bandwidth 
requirements, which could strongly limit the working distance on POF, studies about the channel post 
equalization show that the binary transmission could be one of the most promising solution in the short 
period. Table 3-3 compares the two modulations proposed, pointing out their main characteristics, 
advantages and disadvantages. 
 
 

Table 3-3: Comparison between binary and OFDM solutions 

Parameter Binary OFDM 

Bandwidth ~ 600MHz ~ 200MHz 

Distance Up to 50m Up to 100m 

SNR ++ + 

Linearity + - 

Available chip Yes No 

Development ++ -- 

Cost ++ -- 

Future proof - ++ 

 

The main differences between the Binary and the OFDM approach can be analyzed from two different 
points of view: a pure “electronic” and an “optoelectronic” point of view. From the optoelectronic 
point of view, the bandwidth limit imposed by the fibre is the primarily limit to the distance range of 
the transmission. This could lead to the conclusion that the OFDM, due to its high bandwidth 
efficiency, seems to be the best solution to reach the 1Gbps transmissions and even more. Besides, one 
of the parameters that need to be investigated for this kind of solution is the linearity of the full 
system, which can limit the real effectiveness of the modulation selected. The binary solution is surely 
penalized by the fibre bandwidth and its intrinsic bandwidth inefficiency. However it is more robust to 
non liner effects of the channel, and from an “electronic” point of view the equalization of the channel 
using only binary modulations is easier and already developed in many other electronics fields, like 
high definition digital video signal transmission over coax cables, backplane interconnection and so 
on. This led to the preliminary result that the solutions based on binary could be more cost effective 
than OFDM in the short period, due the availability of chipset developed for mass market serial 
channel equalization 

3.5 Development of a LED-based OFDM transceiver for POF  
As widely discussed in D4.1 (chapter 5.1), in order develop a low cost OFDM transceiver for POF, 
Luceat's idea was to use, when possible, components in mass production, even if not specifically 
designed for POF applications. In terms of optoelectronic devices this implied to consider the 
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suitability of LED as light sources and large area photodiode for the receiving section. After the 
selection of a couple “suitable” green LEDs (D4.1, chapt. 5.1), the activities were focused on the 
characterization of commercially available blue LEDs. The result of the experimental comparison of 
tens of blue sources was the identification of a very promising candidate that in terms of bandwidth 
and optical power is not so far from commercial red RC-LED, but it shows better thermal 
performances and a considerably lower cost (less than 0.5€). Table 3-4 summarizes the characteristics 
of this blue LED, Table 3-5 the coupling results with a PMMA SI POF and Fig. 3-33 its bandwidth. 

 

Table 3-4: Blue LED characteristics 

Parameter Min Typ Max 

Max Forward current (DC) - 30mA - 

Max Peak forward current (tp<100� s, 
duty cycle=10%) 

- 100mA - 

Operating Temperature -25°C - +60°C 

Luminous intensity (20mA) 1300mcd 2500mcd - 

Wavelength (20mA) - 465nm - 

Spectral Half Bandwidth (20mA) - 30nm - 

 
 

Table 3-5: Coupling and matching results for blue LED with PMMA SI POF; it's important to mention that the 
maximum optical power coupled by this source in the fibre is about 2 dBm (Ipol=30mA) but the optical 

correction introduced to guarantee a launching condition close to EMD- has reduced this value. This penalty 
could be avoid redesign the shape of the moulded plastic that cover the die 

I pol [mA] Ppol [� W] 
1m  

Ppol [� W] 
100m POF 

�  equ [dB/km] 
100m POF 

10 795 56,3 115 

30 1754 123,1 115,3 

50 2416 167,1 116 

 

Fig. 3-33: Blue LED bandwidth 

 

The LED linearity and its influence on the OFDM modulation are still under investigation. The first 
part of Luceat's activities allowed the selection of optoelectronic components suitable for the signal 
chain of an OFDM transceiver:  

1. The fibre: step index PMMA POF, 0.5 NA as described in section 3.4. 
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2. The light sources: green and blue LEDs. 

3. The receiver based on a large area silica photodiode and a cascaded transimpedance (see D4.1, 
chapter 5.2).  

The next step towards the development of the transceiver was the elaboration of the whole data 
collected from the characterization of the previous components. The scope is to evaluate the 
correlations between all the parameters measured up to that moment in order to verify first that the 
resulting signal chain is really suitable for an OFDM modulated signal, and then to define the best set 
up to optimize the performances. The main dependences to consider are for example between the 
wavelength of the source and the sensitivity of the photodiode or the attenuation of the fibre, the 
launching condition and the real bandwidth of the fibre, the optical power of the source and the gain of 
the receiving section, and so on; moreover there are some free parameters to define, as the pre-
emphasis of the source driver that influences the bandwidth and the SNR of the system, or the 
transimpedance value of the receiver that defines the noise figure. 

In order to elaborate all the acquired data, an Excel based simulator was developed by Luceat's Labs 
and it works on the following parameters: 

·  Experimentally measured bandwidth and attenuation of the fibre (EMD conditions); 

·  Experimentally measured LED characteristic (optical power, electrical bandwidth, coupling 
with POF); 

·  Pre-emphasis simulations for the light source driver; 

·  Transimpedance noise calculations. 

The scope of this simulator is to calculate realistic transfer functions of the transceiver and some 
results are showed in Fig. 3-34 and Fig. 3-35. 
 

 

 

 

 

 

 

 

Fig. 3-34: Simulated transfer function of the transceiver with pre-emphasis on the light source driver, noise 
calculated over 1MHz bandwidth, transimpedance resistor of 1K�  and 50m POF 

 

 

 

 

 

 

 

 
Fig. 3-35: simulated transfer function of the transceiver without pre-emphasis on the light source driver, noise 

calculated over 1MHz bandwidth and a transimpedance resistor of 1K�  and 50m POF 
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These results show that the characteristics of the transceiver under development in Luceat could be 
compliant with the requirements of an OFDM transmission in terms of available bandwidth and SNR. 
A more detailed analysis (that also includes the study of the LED linearity) is required to evaluate, for 
this solution, the possible transmission performances related to fibre length. 
 
3.5.1 Theoretical analysis of the performance achievable on the LUCEAT transceiver  
 
In the previous Subsection, the LUCEAT transceiver was presented and, in the last part, its 
performance in terms of signal transfer function and noise spectral density was given. Starting from 
these results, POLITO performed (during Q4-2008 and Q1-2009) a detailed theoretical analysis of the 
performance achievable on the optoelectronic transceiver when feeding it with an OFDM signal, in 
order to check its suitability for one of WP4 goals, i.e., the development of reliable and low cost  Gb/s 
modems over POF.  

Contrary to other modulation formats, OFDM offers a really wide range of design degrees of freedom, 
as summarized in other sections of this Deliverable (see for instance Section 3.1).  We start by 
pointing out that, according to the classification presented in 3.1.2, we considered the DD-OOFDM 
(direct detection optical OFDM) approach, in the option that generates a single real signal at the 
transmitter and thus it uses only one DAC. This modulation format turns out to be identical to the one 
used in xDSL (Digital Subscriber Loop) modems, where it is usually indicated as DMT (Discrete 
Multi Tone). It turns out to be the only one suitable for POF among all the other options described in 
Section 3.1. 

The Matlab-based numerical routines that we developed are able to play and optimize the following 
parameters: 

-  Number of carriers (i.e. separation between adjacent OFDM tones) 

-  M-QAM level in each of the available carrier (i.e. optimization of the parameter M on a carrier 
by carrier basis). To this end, we used one of the so-called “water-filling” bit-loading 
algorithms available in the literature. 

-  Peak-to-average power ratio (PAPR) estimation and subsequent optimization of the back-off 
and clipping parameters of the OFDM transmitter. 

For the analysis, we introduce the following assumptions: 

-  Fully linear operation: this assumption allows a relatively easy theoretical assessment of the 
performance of the system, but should be further investigated experimentally in the following. 
In fact, OFDM is quite sensitive to nonlinear effects. In a POF-transceiver, nonlinearities may 
arise either in the transmitter (due to the LED and its driver) and in the receiver amplifying 
stages, while the POF itself, due to its large core, has already been demonstrated to be highly 
linear. 

-  For the M-QAM constellation, we didn’t allow the bit-loading algorithm to give an arbitrarily 
high M for those carriers that have a potentially very high SNR, but we limited it to a given 
Mmax. Thus, Mmax was one of the input parameters of our bit loading algorithm. 

-  The DAC and ADC converters are assumed to have a sufficiently high number of resolution 
bits, i.e., the quantization error is not taken into account.  

-  We took into account the clipping effect. We remind that an OFDM signal with a large 
number of carriers tends to have a Gaussian probability density function and, consequently, a 
large peak-to-average power ratio (PAPR). This is usually considered as a “secondary” source 
of impairment in wireless systems, where the fundamental design parameter is the average 
transmitted power. On the contrary, an optical IM-DD transmission system is strictly peak 
power limited, and the PAPR becomes a primary impairment source. In particular, in a DD-
OOFDM system, the information bearing signal is translated into the instantaneous optical 
power at the output of the optical source. This signal is strictly limited in the range ],0[ peak

optP , 
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where peak
optP  is the maximum instantaneous peak optical power. As a result, DD-OOFDM 

systems are fundamentally different from typical wireless systems, since DD-OOFDM 
systems are intrinsically peak power limited. As a consequence, we took great attention in the 
optimization of the parameter shown in Eq. 3-9: 

 

OFDM

peak
optP

s
g =  

Eq. 3-9 

 

(we will indicate it as the “transmitter back-off”), where OFDMs is the standard deviation of 

the (real) OFDM signal to be transmitted. The numerical optimization of the g  parameter 
allows finding a trade-off between these two opposite requirements: 

o Larger values of g reduce the probability of clipping events on the transmitted signal, 
thus reducing the resulting distortion of the received M-QAM constellations  

o Smaller values of g reduce the tolerance of the system to the additive Gaussian noise 
at the receiver. 

3.5.2 Preliminary assessment on the performance of the LUCEAT transceiver  

We report in this Subsection the performance of the LUCEAT transceiver, obtained by a numerical 
assessment on the assumptions reported in the previous subsection. We believe that the only 
significant assumption is related to the linearity of the system. In all other sense, we believe that the 
results presented here can be actually obtained with an actual “OFDM modem” whose algorithms are 
the same (or even less complex) than those used today for VDSL2 chipsets.  

We analyzed the experimental data in terms of signal transfer functions and noise that we received 
from Luceat. The output that we looked for is the maximum bit rate that the system may carry after 
having optimized the number of carriers and the back-off g . The spacing between tones was 

conventionally set to MHzf 1=D .  
Fig. 3-36 shows the maximum bit rate that can be achieved for different target Bit Error Rate (BER) 
ranging from 10-2 to 10-7. A reasonable BER value among this range can be BER=10-3 for a system 
using standard FEC (such as the Reed-Solomon RS(255,239) largely used in optical communication). 
The parameter Mmax was set to 1024 (i.e. 10 bits per carrier). Fig. 3-36 shows that BER above 1 Gb/s 
can be obtained. In particular, for a BER=10-3 the aggregate bit rate is around 2 Gb/s, obtained for a 
back-off 5.9=optg dB and (not shown in the graph) for 380 carriers, corresponding to using the full 

frequency range from DC to 380 MHz. Fig. 3-37 shows the maximum bit rate that can be achieved for 
lower values of the parameter Mmax. This result can be of interest when considering that due to the very 
high speed at which the OFDM chipset should work to sustain the Gb/s data rates, the implementation 
of constellations greater than 128- or 256-QAM may be difficult due to the very complex algorithm 
necessary to identify the constellation itself. 
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Fig. 3-36: Maximum aggregate bit error rate vs. BER (upper graph) and resulting optimal back-off (lower 
graph) for Mmax=1024 

Fig. 3-37: Maximum aggregate bit error rate vs. parameter Mmax for BER=10-3 
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The graph shows that the aggregated bit rate is not particularly dependent on the parameter Mmax, a 
result that can be explained as follows. M-QAM constellation with lower M are less sensitive to 
clipping effects and, thus, can be operated at a lower back-off value optg . This, in turns, allows to have 

a higher available average power, so that a higher number of carriers can be used. 

In conclusion, we have found by numerical analysis that the LUCEAT transceiver can support data 
rates above 1 Gb/s when using optimized DD-OFDM modulation. Further step inside this task in 
project ALPHA will involve: 

·  A detailed analysis of the impairments generated by the optoelectronic nonlinearity, an effect 
that has not been addressed in the current analysis. This may be a very important effect that 
may (or may not) generate significant system impairments and, consequently, a reduction of 
the achievable aggregated bit rate. 

·  A confirmation of the numerical analysis in an actual experiment based on the technique of 
off-line processing 

·  A fundamental question related to OFDM over POF is the cost, complexity and power 
consumption of the OFDM chipset. The optoelectronic transceiver developed by LUCEAT is 
potentially very low cost, with a bill of material that can be reasonably below 1€ for mass 
production. The point is when OFDM chipset will be available and, then, what will be their 
cost. Even more fundamental may be the resulting power consumption. 
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4 Radio-over-fibre transmission techniques 

This section presents transmission techniques enabling, in particular, a combined transport of wired 
and wireless signals based on radio over fibre techniques which makes it possible for the end-users to 
get connectivity via both wireless and wired networks. In this section the advantages of using phase 
modulators are presented for both baseband digital signals, as well as RoF signals in bidirectional 
links. Furthermore, techniques for transmission of radio signals over POF and MMF are presented, 
making possible to include RoF solutions in in-building scenarios. 

4.1 Single Wavelength Combined Transport of DQPSK Baseband and 
phase modulated RoF  

There is an increase in the demand from broadband telecommunication end-users to have instant 
access to their multimedia applications, whether it is from a fixed or a mobile terminal. Therefore, the 
transport of radio-over-fibre (RoF) signals and high speed baseband signals over a shared optical 
infrastructure is foreseen to pave the way to a seamless and flexible broadband solution for the end-
user. Using the same infrastructure for both the baseband and the RoF signals overcomes the need to 
install a whole new fibre network to support the RoF signals. Previous efforts have been focused on 
the convergence of RoF and baseband by separating the signals in the frequency domain and 
employing different receivers [89], [90]. This approach was demonstrated in [91], [92], the same 
wavelength is used for both signals. Moreover, by employing phase modulation for both signal types, 
similar receivers can be used for the baseband as well as the RoF signal. A further advantage comes 
from the employment of a phase modulator at the RoF transmitter which does not need bias control 
and offers better performance than an intensity modulator in term of linearity [93], [94], which 
otherwise severely limits the RoF system performance [95], [96]. The suggested scenario is illustrated 
in. The suggested scenario is illustrated in Fig. 4-1 
 

 

Fig. 4-1: An illustration of the combined RoF/baseband network  

4.1.1 Implementation  

The setup used in this demonstration is illustrated in Fig. 4-2. At the transmitter a 1.25 Gb/s radio 
signal is mixed with a 5.35 GHz electric RF-carrier, and used to drive an electro-optic phase 
modulator fed by a CW light source. Light from another laser at the same wavelength is NRZ-DQPSK 
modulated at 21.4 Gb/s data rate and 10.7 Gbaud symbol rate using an I/Q modulator. The two signals 
are polarization multiplexed before transmission. At the receiver, the combined signal is polarization 
de-multiplexed, and the two signals are de-modulated using three MZIs, two for the NRZ-DQPSK part 
and one for the RoF part. Both signals were recovered error-free after transmission, and the two 
signals induced no observable degradation on each other. 
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Fig. 4-2: Experimental setup. Noise loading and OSNR measurement has been omitted for the 
sake of simplicity. 

4.1.2 Discussion 

The advantage of the proposed approach is that the RoF signal can be transported parallel to the 
existing baseband data without degradation of the baseband signal, and without using new 
wavelengths. It therefore represents a cost effective solution to the problem of transport of high-speed 
wireless signals. There is, however, some issues that needs to be solved before this approach can be 
used in commercial systems. Polarization de-mutiplexing still proves difficult outside of research 
laboratories. If coherent polarization diversity receivers with digital signal processing are employed, 
this can be solved. Alternatively, the fact that the electrical spectra of the two signals are very different 
may be used to provide a feedback signal to a polarization tracker. The other issue is of optical power. 
Before employing this scheme, one must make sure that the optical amplifiers along the link can cope 
with the additional signals, and still provide sufficient gain to ensure that the addition of the RoF 
signals does not result on OSNR degradation. 

4.2 Bidirectional Radio-Over-Fibre link with phase modulation 
downstream and RF-oscillator free uplink using a reflective SOA  

Using the same fibre and the same wavelength for upstream as well as downstream transmission 
greatly reduces cost and complexity of access networks, and has therefore attracted much interest in 
recent years [97]-[103]. Re-modulation at the end-user site of the downstream transmitted carrier has 
several advantages. The need of installing lasers in the homes of the end-users is eliminated, full 
control over wavelength allocation is kept at the central office, and the equipment installed in people’s 
homes is the same from home to home. The carrier re-modulation can be done by several means 
including reflective semiconductor optical amplifiers (RSOA) or reflective electro-absorption 
modulators (REAM). By using an RSOA for the carrier re-modulation, it is possible to remove the RF 
carrier of a wireless signal before upstream transmission, so that complex downconversion can be 
avoided. This scheme has been tested using a 25 km SMF link to transport an 850 Mbit/s on a 5.25 
GHz carrier downstream, and an 850 Mbit/s RF-oscillator-free signal upstream. The setup used in the 
demonstration is illustrated in Fig. 4-3 
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 Fig. 4-3: Experimental setup 

 

The downstream phase modulated RoF signal is split in two at the receiver: one part is detected 
employing a Mach-Zehnder delay interferometer with a free spectral range (FSR) of 10.7 GHz to 
remove the 5.25 GHz carrier and perform demodulation of the phase information followed by a pair of 
balanced photo diodes. The other part of the signal is led to an RSOA which is driven by an 850 Mb/s 
on a 10 GHs carrier electrical signal. Due to the high-frequency cut-off of the RSOA, the 10 GHz 
carrier is removed before upstream transmission in the fibre. Both signals could be recovered error-
free after transmission, and they induced no degradation on each other. Details of the experiment are 
given in [104]. The reported demonstrated the advantages of bidirectional single fibre transmission, in 
this case specifically for radio-over-fibre. The bidirectional single fibre approach with carrier re-
modulation utilizes resources far better than dual fibre approaches. Moreover, the use of carrier re-
modulation can potentially decrease the power consumption of access network since there is no need 
for temperature controlled lasers at the end-user site. In this particular implementation, the RSOA 
performance depended on the polarization of the downstream carrier, and a polarization controller is 
required in front of the RSOA. This is an issue that needs to be solved before this type of systems is 
ready for deployment. 

4.3 POF transmission of RC-LED down-converted wireless signals  
Polymer optical fibre (POF) for in-home networks has several well-known advantages, including 
robustness, high numerical aperture and low bend-loss. Usually, visible wavelengths are used in 
connection with POF, partly due to the low attenuation in the fibre, and partly due to the ease of 
installation of systems where the user can actually see if there is light or not. Additionally, light-
sources for visible wavelengths, e.g. LEDs, RC-LEDs or VCSELs are available at very low prices. 
Polymetyl–methacrylate (PMMA) POF typical transmission windows are in the visible region, such as 
530, 570 and 650 nm wavelength [105], The 650 nm spectral region is an attractive choice due to the 
visibility of light for reason of security and the availability of low cost light sources and photodiodes. 
Transmission of baseband signals up to 220 Mb/s over 50 m long POF have been reported [105], 
[106]. However, with the increasing requirements for high capacity and mobility, a POF based 
backbone in-home networks will need to support transport of signals destined both for wireless and 
wireline terminals, increasing network flexibility. A simple and cost-effective method utilizes PMMA 
fibre with 1 mm core for the transport, and 650 nm RC-LED to remove the RF-carrier in order for the 
signal to be received with a simple PIN-photodiode. The setup used in the demonstration is shown in 
Fig. 4-4. 
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 Fig. 4-4: Experimental setup 

 

The fundamental idea behind this scheme is to use the diode property and low bandwidth of the RC-
LED to perform half-wave rectification and low-pass filtering of the electrical signal in order to 
remove the RF-carrier. In this experiment, the signal consisted of a 100 Mb/s on a 5 GHz carrier. Eye 
diagram of the received data after 50 m POF transmission is shown in Fig. 4-5. 

  
Fig. 4-5: Eye diagrams after transmission. Data rate was 100 Mb/s (a) and 200 Mb/s (b) 

 
At 100 Mb/s, the eye is clear and open, whereas at 200 Mb/s, severe degradation is observed. This is 
due to the low bandwidth of the Rc-LED. More details of the experiment can be found in [107], [108]. 
A transmission length of 50 m over 1 mm core diameter POF was achieved supporting bit rates up to 
200 Mb/s on a 5 GHz RF carrier making POF based links an attractive solution for wired 
communication and wireless signal reception in in-door networking scenarios, by using the same low-
cost device. 

4.4 UWB transmission for different modulation formats and propagation 
over MMF. 

In last years the interest for developing UWB technology in a great number of applications as wireless 
optical Communications, imaging or high resolution radar is increasing because of its advantages 
against narrow band technologies: lower power consumption, immunity to multipath fading, 
interference mitigation, carrier free, high data bit rate [109], [110]. However, UWB communications 
are limited to a few meters distance operation. In this point, UWB over fibre means a suitable solution 
for a correct distribution of signals. In principle, UWB signals can be generated by means of electrical 
passband filters and the result can be distributed by optical fibre with an electro-optic conversion. In 
this sense, it must be considered the nonlinearities produced by E/O and O/E conversions whose 
effects can modify the UWB signal spectrum leading to problems with FCC spectral requirements 
[111]. Therefore, optically UWB generation can become a promising solution. Apart from satisfying 
the FCC-specific spectral mask, UWB optical pulse generators have other recent key challenge which 
is related to the possibility of pulse codification using different modulation techniques such as Pulse 
Position Modulation (PPM), Pulse Polarity Modulation or Bi-Phase Modulation (BPM), Pulse 
Amplitude Modulation (PAM), On-Off Keying modulation (OOK) and Orthogonal Pulse Modulation 
(OPM) [112]. 

4.4.1 UWB for different modulation formats  

An optically suitable architecture is presented for UWB pulse generation which allows to fulfill FCC 
spectral requirements. The system is based on a reconfigurable and tunable N-tap photonic microwave 
filter with the possibility of both positive and negative coefficients through a proper biasing of an 



212352 - ICT ALPHA                                                                                                     [PUBLIC] D4.2p 
Architectures for fLexible Photonic Home and Access Networks 

Page 62 of 78 

electro-optic modulator as considered in [113]. In Fig. 4-6 is shown the experimental layout of the 
photonic filter mentioned. The operation principle is based on the use of two electro-optic modulators 
biased in regions with opposite slopes. An array of N lasers is introduced into one or the other 
modulator by means of an optical switch in cross or bar state.  A SMF is used to delay the different 
taps from the wavelength of each laser.     
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Fig. 4-6: Experimental layout for photonic generation of UWB signals 

In this case, four tunable lasers centred at 
�

1=1548.52, 
�

2= 1549.32, 
�

3=1550.12 and 
�

4=1550.92 nm 
have been used respectively, with a tuning range of 1±  nm around the central wavelength in steps of 
0.01 nm and a linewidth of 100 MHz. The two modulators are biased with different voltages in order 
to operate with opposite slopes in the linear region and they are modulated by and electrical pulse 
fixed pattern of one “1” and sixty-three “0” with a bit rate of 12.5 Gb/s. The fibre used in this case 
corresponds to a standard SMF-28 with a length of 5.43 km and a total dispersion of 93 ps/nm around 
1550 nm.  

One of the main system limitations could be the widening of the single optical pulses. In Fig. 4-7 is 
presented the resulting optical pulses in positive (a) and negative (b) case when a laser centred at 
1550.12 nm is used. In both cases, it can be observed the optical pulses before (black line) and after 
(red line) the SMF, a significant widening is not produced. Moreover, this case can be used to show 
the system tuneability as seen in Fig. 4-7 (a-b) insets, where it can be observed the relationship 
between the time delay and the wavelength increment both positive and negative optical pulse, 
respectively. It corresponds to a linear dependence with a slope of 93.63 ps/nm according to the fibre 
dispersion. Since the laser wavelength can be tuned in 0.01 nm steps, a minimum delay time 
difference around 1 ps can be obtained between consecutive optical pulses. 
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Fig. 4-7: Optical pulses normalized before (black line) and after (red line) SMF, (a) positive pulse and 
(b) negative pulse. Inset graph relationship between time-delay and wavelength 

The possibility of incrementing the number of filter taps allows to implement easily different UWB 
pulses providing to the system a great flexibility. To show this important characteristic, different 
optical UWB pulses have been implemented. In all the cases, the time delay between optical pulses is 
set to 68 ps to fit the maximum of the electrical transfer function in the middle of FCC mask. 
Therefore, the wavelength separation is set to 0.74 nm around 1550.12 nm. First of all, it has been 
implemented classical UWB pulses, monocycle and doublet. For monocycle generation, two lasers are 
selected and switches are working for each laser was introduced in a different modulator. In this case, 
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[1,-1] are the equivalent coefficients of microwave filter. In Fig. 4-8 (a-b) are shown the resulting 
waveform and its electrical power, respectively. In doublet case, three lasers are selected for a 
microwave filter with equivalent coefficients of [0.5,-1,0.5]. In this case, Fig. 4-8 (c-d) shows the 
waveform of doublet resulting and its electrical power.  
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Fig. 4-8: Experimental (black line) and theoretical (blue line) (a) monocycle pulse shape and (c) 
doublet pulse shape. In (b) and (d), blue line represents the FCC mask for the corresponding 

experimental normalized electrical power for monocycle and doublet respectively 

 

As it has been seen in Fig. 4-8, the monocycle and doublet spectrum is not fitted into FCC mask 
spectral requirements where the principle problem is placed in GPS band (0.96-1.61 GHz). However, 
they are the classical UWB pulses implemented because of the difficulty to generate high order pulses. 
The proposed system can increment easily the order of pulse generated because of its flexibility. A 
third-order UWB pulse is implemented by four lasers spectrally separated 0.74 nm and equivalent 
coefficients optimized of [-0.35,1,-1,0.35]. Pulse resulting can be observed in Fig. 4-9(a) and its 
electrical power is showed in Fig. 4-9(b). In this case, it can be emphasized as the spectrum has a 
greater extinction radio from DC to 2 GHz than monocycle and doublet enabling a correct adjust for 
FCC spectral requirements. 
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Fig. 4-9: Experimental (black line) and theoretical (blue line) for a for 4-coefficients pulse shape. (b) 
Blue line represents the FCC mask for the corresponding experimental normalized electrical power 

(black line) 

The flexibility of the architecture proposed allows the implementation of a great number modulation 
formats. First of all, amplitude modulation techniques as PAM or OOK can easily generated by the 
control of lasers optical power. Moreover, fast variable optical attenuators can be added to the system 
in order to achieve higher data rates. On the other hand, the control of optical power lasers can be 
combined with the switches states for reconfiguring the architecture and generate different pulses (for 
example monocycle and doublet) achieving, therefore, an OPM.  
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Nevertheless, the previous modulation formats are the less common employed in UWB systems. 
Therefore, the interest is focused on conventional modulation techniques as BPM and PPM more used 
in this context. Referred to BPM, it is necessary to invert pulse polarity and it can be obtained by two 
different methods. The first one is based on the operation modulator bias, in this sense it can be 
changed for working in an opposite linear region slope. The other one is based in the optical switches 
states, they can be set for each laser to the opposite state for a given UWB pulse implementation. This 
fact is showed in Fig. 4-10 for a monocycle (a), doublet (b) and third order pulse (c) where black line 
corresponds to the original pulses implemented previously and red line to the inverted pulses for the 
different pulse shapes. 
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Fig. 4-10: Original pulses (black line) and inverted pulses (red line) for (a) Monocycle, (b) Doublet and 
(c) Four coefficients pulse 

The most common pulse modulation format for UWB communication is PPM but there are not many 
reported optical techniques in which its implementation can be possible. According to the system 
proposed flexibility it can be easily adapted for this modulation format. As it was shown in Fig. 4-7 
the time delay can be controlled by means of the optical wavelength of each laser. In Fig. 4-11 it is 
presented a monocycle when different optical wavelengths are selected for each laser. The wavelength 
separation is 0.74 nm and it is the same in the three cases. However, if Fig. 4-10(a) is chosen as a 
reference which laser wavelengths are 1549.75 and 1550.49 nm, it is observed a negative (Fig. 
4-10(b)) and a positive (Fig. 4-10(c)) displacement of �� =100 ps. This is the result of increasing and 
decreasing both wavelengths 1.07 nm. Note that system resolution time is around 1 ps as shown in Fig. 
4-8 and it can be incremented in two orders of magnitude by using commercial tunable lasers with a 
wavelength selection resolution of 1 pm.   
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Fig. 4-11: Reference monocycle pulse (a) and monocycle pulse for a (b) negative and (c) positive 
wavelength detuning around 1.07 nm. 

4.4.2 UWB transmission over multimode fibre  

A novel method for optical generation of UWB pulses using only an un-cooled DFB laser and a Mach-
Zehnder modulator has been developed. This method relies on injecting an optical carrier into one of 
the side-modes of the DFB laser, and using cross gain modulation to generate the UWB pulses. Details 
on the generation can be found in [114]. The compliance with the mask is clearly seen. These pulses 
were intensity modulated at 781.25 Mb/s, and transmitted over 5.1 km of multimode fibre (MMF). 
The electrical spectrum, and the received BER, achieved with off-line digital signal processing is 
plotted in Fig. 4-12 
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Fig. 4-12: Electrical spectrum and received BER of the 781.25 Mb/s UWB over MMF signal 

 

Impulse radio UWB signals for high speed in-room wireless signals is a very promising candidate due 
the before mentioned features of licence-free bandwidth and short range, which makes it possible to 
have different UWB signals in adjacent rooms with no cross-talk issues. The drawback of the short 
reach is that a fibre-based backbone is needed. In this example, we have seen that standard multimode 
fibre can support UWB signals with a bit rate as high as 781.25 Mb/s. We also saw a significantly 
simplified method of generation of the optical UWB pulses. This simplicity is a requirement for 
practical use. Still to be investigated is the actual wireless transmission of UWB pulses, as not much 
work has been done regarding this. 
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5 Signal processing techniques for overcoming optical systems 
impairments 

Different signal processing techniques for overcoming optical systems impairments on SMF, MMF 
and POF are described in this section. Different techniques are analysed: channel equalization and 
wavelength emulated QAM for POF, as well as OFM technique to dispersion compensation in MMF. 

5.1 Development of a binary transceiver with channel equalization  
The idea to use a simple and reliable modulation technique like binary is the typical preferred choice 
to every fibre optic digital communication. This is due to the robustness of the modulation despite its 
requirements of bandwidth. The use of this modulation format in plastic optical fibre is more 
problematic, due to the intrinsically limited bandwidth of the fibre (Fig. 3-32). Other parameters that 
can be rated as opposed to this solution are the availability of low cost optical receivers that can couple 
enough power from the fibre. PIN photodiodes commonly used in silica fibre applications show small 
active areas with small capacitance effects; on the contrary, the photodiodes used in POF applications 
are developed around high active areas (close to the 1mm diameter of the fibre) and show an high 
capacitance effect that can drastically reduce the bandwidth of the entire system, even reducing the 
bandwidth of the fibre itself.  Another parameter that needs to be considered is the availability of fast 
and low cost optical sources that can reach the Gb/s connections in the transmission windows of POF.  

This considerations regarding optical source, fibre and optical receiver, are all valid, but the most 
important point that we need to evaluate is the equalization of the channel to restore the bandwidth 
that is lost over the fibre. 

This equalization can be made using different approaches that basically can be summed up in: 

·  Channel Pre-emphasis 

·  Channel Post-equalization 

With the channel Pre-emphasis, the light source is “over modulated” at higher frequencies to 
compensate the bandwidth loss of the fibre. This kind of equalization can lead problems for short fibre 
connections because is a static equalization. In other words, with short connections, the signal may be 
affected from high jitter due to overshoots and ringing effects that can disrupt the clock data recovery 
at the receiver stage. 

Another problem that arises from the channel pre-emphasis is the optical power coupled to the fibre. 
The objective of our research is to develop a cost effective solution for Do It Yourself installation, so 
we need to guarantee the user safeness, maintaining a low optical power that is safe for every user, 
even if the fibre is directly coupled to eyes.  

From this observation we can derive that our project is not only limited in bandwidth but also in 
power, so the static pre-emphasis equalization doesn’t seem to be a good solution within the binary 
approach, at least for our objectives. 

The channel Post-equalization is realized on the receiver side, this can lead the possibility to introduce 
a dynamic equalization based on the average optical power and the power spectrum of the received 
signal. When we started the selection of a suitable solution for channel post equalization we have 
searched for channel equalizer already available on the market, even if developed for other kinds of 
applications, like SMPTE (Society of Motion Picture and Television Engineers), developed to deliver 
High definition digital video signal over standard coax cables, or backplane distribution circuits used 
in many fields of high end computer boards to compensate parasitism effects over multilayer boards. 

To test the applicability of these kinds of already available devices to the POF channel equalization, 
we have developed a laboratory set up based only on commercial devices (see Fig. 5-1). 
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Fig. 5-1: Laboratory setup to evaluate the effectiveness of commercial channel equalizer over POF channel 

 

The setup is developed using: 

·  660nm Digital VCSEL with more than 800MHz Bandwidth, launch condition close to EMD 

·  POF fibre with 0,5NA and different lengths 

·  Coupling optics, to couple all received modes over the sensitive area of the receiver 

·  400um  Si Amplified photodiode with 1.5GHz Bandwidth 

·  AGC (Automatic Gain Control), 34 dB dynamic range with 800MHz Bandwidth 

·  Channel Equalizer under test 

·  Digital sampling Oscilloscope 

 

The Light source, AGC and Optical receiver have been chosen in a way that they do not limit the 
bandwidth behaviour of the system: the only bandwidth limiting factor in this setup is the POF. 

We have conducted some preliminary experiments using this setup to test the “channel equalization 
block”. This block is composed of a CDR  (Clock Data Recovery) with an integrated “dynamic” high 
pass filter and a limiting amplifier. The device selected is able to compensate up to a -35 dB penalty at 
750 MHz. 

This characteristic is enough to overcome the bandwidth limit imposed by the fibre. The following 
oscilloscope screenshots (Fig. 5-2, Fig. 5-3 and Fig. 5-4) show the stressed eye diagram at the output 
of the channel equalizer at 10m, 25m, and 50m of standard Luceat 0,5NA POF cable, using a 1.25 
Gb/s 8B/10B encoded data stream. 

The stream has been encoded 8B/10B to guarantee medium average optical power at the receiver and 
to overcome AC coupling effects due to the setup. Each figure shows the received eye on the top and 
the transmitted eye on the bottom. The transmitted eye is shown because the BER tester and the 
sampling rate of the oscilloscope used in this preliminary setup introduce an intrinsic jitter that can not 
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be solved by the channel equalizer. These preliminary results confirm that the channel equalizer 
identified is suitable to compensate the bandwidth characteristics of the fibre, and the next steps to 
define a full cost optimized Gb/s transceiver over POF are: 

·  Substitute the amplified Si photodiode, investigating the possibility to introduce a 
transimpedance stage developed by Luceat around 1mm Si Pin photodiode or integrating 
optical setup to couple the fibre optical power in a small area photodiode already available for 
silica fibre applications. 

·  Integrate the Transimpedance, AGC and Channel equalizer in a single multilayer board, 
reducing the criticisms introduced by AC coupling and impedances mismatch. 

·  Find and characterize optical sources suitable for the application, Red LD and VCSEL. 

 

 

 

Fig. 5-2: Signal received after 1m POF 

 

 

Fig. 5-3:  Signal received after 25m POF 
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Fig. 5-4: Signal received after 50m POF 

 

5.2 Cost-effective high-capacity signal transport through POF using a 
wavelength emulated QAM technique  

Quadrature Amplitude Modulation (QAM) techniques enable to increase the information content per 
line symbol, and hence to reduce the bandwidth needed to carry a high data rate stream. QAM 
techniques are commonly used in wireless LANs and in cable modems, where the QAM signals are 
modulated on a single or on multiple (OFDM) carriers. Applying 64- and 256-QAM modulation at 
symbol rate of 1.8 MBaud using 80 carriers, 1.008 Gb/s transmission over 100m 1mm core step-index 
PMMA POF has been achieved using a 650nm DVD laser diode [88]. Alternatively, the in-phase and 
quadrature-phase QAM components may be modulated in baseband on two separate wavelength 
channels, without needing a high-frequency carrier [115]. Thus the requirements on the bandwidth of 
the fibre link are lower, allowing highly dispersive fibre such as 1 mm core diameter step-index POF. 

5.2.1 Wavelength-sliced QAM system implementation 

Wavelength-sliced emulated QAM (WS-QAM) [115] for the 1mm SI-POF system is proposed since it 
is very bandwidth efficient. With this principle, I and Q signals are transported both in baseband, on 
separate wavelengths. The proposed WS-QAM is schematically given in Fig. 5-5. 

 
 

 

 

 

 

 

 

 
Fig. 5-5: Schematic of wavelength-sliced QAM transmission and detection 

Two LEDs with different central wavelengths are used, and their data signals are combined using a 
wavelength slicing multiplexer and transported via the 1mm core POF. At the receiver side, the optical 
signal is demultiplexed into the two signals with different wavelengths and they are detected 
separately to recover the two branches of the QAM baseband signals. This implementation requires 
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the least bandwidth of the POF link, namely about 0.7 R / N, where the data rate is R and a QAM-2N 
scheme is used. 

Fig. 5-6 shows a laboratory setup to demonstrate the feasibility of this approach. The 16-QAM 
baseband I and Q signals from a Vector Signal Generator (VSG) directly modulate the two different 
optical sources; a green LED with 520nm central wavelength and a blue LED with 460nm wavelength. 
These wavelengths are chosen as PMMA POF has the lowest attenuation there [116]. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 5-6: Setup for realizing wavelength-sliced QAM systems. The transmission medium is 100 meter of 1-mm 

diameter PMMA POF 
 
The wavelength multiplexing is done with bulk optics. The two optical signals are launched from the 
pigtails of the LEDs using simple and cheap plano-convex lenses, which make parallel beams. Using a 
single-edge dichroic filter at a 45° angle, the optical signal of the green LED is passed through, while 
the blue beam is reflected at a 45° angle and superposed with the passed green beam. The edge 
wavelength of the filter is 495 nm, just between the wavelengths of the LEDs. Because of this pre-
filtering, the overlap of the optical spectra for the 460 and 520nm LEDs is minimized in order to 
decrease crosstalk. Then the combined signal is focused onto the 100m SI-POF link also by a plano-
convex lens. At the receiver side, the WDM optical signal is demultiplexed by a second single-edge 
dichroic filter at a 45° angle. The green beam (>495nm) passes the filter and is focused on a PIN 
photodiode. The blue beam (<495nm) is reflected and focused on another PIN photodiode. 
Transimpedance amplifiers are deployed after the photodiodes and their outputs are fed to a Vector 
Signal Analyzer (VSA) for assessment of the signal quality. 

5.2.2 Experimental Results 

Fig. 5-7 shows the optical powers at various places in the system. The power provided by the green 
LED is 2.6 dBm, which is smaller than the power of the blue LED, which is 4.2 dBm. The losses of 
the optical multiplexer in the transmitter and demultiplexer in the receiver are both more than 5 dB for 
each wavelength. These losses are mainly caused by the use of simple plano-convex lenses with 
relative large spherical aberrations. Other lens types with lower aberrations, such as aspherical ones, 
are now tried to lower these losses. 
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Fig. 5-7: Link budget of the POF system employing WS-QAM 

  
In this WDM-QAM system, it is important that the two WDM channels have the same transmission 
characteristics. The optical spectrum of the combined two optical signals has been measured and is 
shown in Fig. 5-8. 
 

 
 

Fig. 5-8: Transmitter’s spectrum before applying the wavelength slicing technique 

 
As can be seen, the green (520nm) channel has a much lower optical power so the electrical signal at 
the output of the blue receiver was attenuated to achieve balanced detection. Due to the well 
performing optical filters, the optical crosstalk from the green channel in the blue channel was -12.7 
dB and only -13 dB from the green in blue channel. 

To indicate the performance of the whole WDM-QAM system, the Error Vector Magnitude (EVM) in 
percentage is measured versus the Baud rate in the case of back-to-back, over 50 m and over 100 m 
1mm core diameter SI-POF for 16-QAM. The EVM is increasing only very little, when the symbol 
rate increases as can be seen in Fig. 5-9. 
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Fig. 5-9:  EVM vs Baud rate over different fibre lengths 

 
Fig. 5-10 shows the measured constellation map for the case of a Baud rate of 25 MBaud and 
16-QAM modulation format achieving 100 Mb/s over 100m POF with an Error Vector Magnitude, 
EVM=11.4%. So the transmission can be error-free if forward error correction algorithms are 
employed to the system. 
  

 
Fig. 5-10: Constellation map for 16-QAM, 25 MBaud over 100m SI-POF 

 
 

5.3 OFM technique to compensate dispersion in MMF  
The use of multimode fibre for the last mile access networks has attracted much attention in the last 
years due to the MMF's dominant position in already installed fibre infrastructure inside buildings. 
Research efforts have been mainly dedicated to enhance baseband digital transmission performance of 
MMF links [117], as well as to develop low-cost radio-over-fibre (RoF) techniques for short MMF 
distances [118]. For the emerging broadband wireless systems operating at carrier frequencies in the 
microwave/millimetre wave bands, the theoretical modal bandwidth limit imposed by the well-known 
bandwidth-distance product, confines the use of MMF to very short links. 

Exploiting the passband transmission region of MMF, microwave signals can be transmitted over 
MMF links [119], but the passband region differs with fibre length variations, which might not be 
practical in the roll-out of a radio over multimode fibre based infrastructure. 
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Another method to overcome this theoretical bandwidth limitation is the optical frequency 
multiplication (OFM) principle [120]. Preliminary experiments have demonstrated the remote delivery 
of microwave signals up to 18 GHz over an MMF link [121]. However, to our best knowledge, the 
fact of surpassing this theoretical modal bandwidth has not been explained accurately yet. In this 
deliverable, we investigate the OFM principle and its application to MMF transmission with some 
theoretical models. In addition, we present the results of an experimental analysis of the OFM 
performance for the generation of microwave carriers up to 40 GHz and their transmission over a 
MMF link. Up-conversion and transmission of M-QAM radio signals in the 24-30 GHz band is also 
demonstrated and compliant with the requirements of wireless standard IEEE 802.11a. 

5.3.1 Optical Frequency Multiplication principle 

Optical Frequency Multiplication (OFM) is based on harmonics generation by frequency modulation 
to intensity modulation (FM-IM) conversion through a periodic bandpass filter. The frequency 
modulation of a light source w0 by a sinusoid signal of sweep frequency wSW can be represented by: 
 
 0 0( ) exp[ sin( ) ( )]in swE t E j t t tw b w f= + +  

Eq. 5-1 

  
 
where b indicates the frequency modulation index and E0 is the amplitude of the optical field. When a 
Mach-Zehnder interferometer (MZI) with impulse response hMZI(t)=1/2[d(t) + d(t-t )] is used as a 
periodic bandpass filter, and the resulting signal is launched into a photodiode (see Fig. 5-11), the 
intensity of the electrical signal obtained can be expressed as 
 

 ( ) ( )( )( )2
0 0

1
( ) | | . 1 cos sin sin

2 sw swi t E t tw t b w b w t ft
 
= + + - - +� 	  

Eq. 5-2 

with ft = f (t)-f (t-t ), where t  is the time delay in one of the arms of the MZI, and f  indicates the laser 
phase noise contribution. Expanding Eq. 5-2 with Bessel functions of the first kind Jn, it can be seen 
that the signal at the output of the photodiode has frequency components at every harmonic n.wsw of 
the sweep frequency, with relative amplitudes: 
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Eq. 5-3 

  
for even and 

 ( )( )0 2 1sin . 2 sin
2
sw

nJ
w t

w f t b-

� �� �+ � �� �
� �� �

 

Eq. 5-4 

  
for odd harmonics and that the laser phase noise impact can be considered negligible as long as 
f �� p/2t  [119]. 
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Fig. 5-11: Principle of the optical frequency multiplication technique 

 

5.3.2 Multimode fibre model and total system response 

According to [122], the response hMMF(z,t) of a MMF at a position z to an impulse launched at z=0 can 
be modelled as 

 ( ) ( ) ( ), . .kz
MMF k k

k

h z t e t zgw d t-= -�  

Eq. 5-5 
  
where the set wk is the mode power distribution (MPD), gk is the attenuation coefficient for mode k and 
t k is the mode group delay (MGD) per-unit length. The corresponding transfer function is periodic 
against frequency, and its shape compresses with long fibre lengths and expands with short fibre 
lengths. This characteristic determines the well-known bandwidth-distance product (BW´ L), which 
theoretically limits the MMF bandwidth for baseband transmission to the first -3dB fall. 
 
In an OFM link, where the light source is frequency swept by wsw, the theoretical BẂL product is not 
applicable like in baseband transmission links with continuous wave light sources. Instead, the 
complete MMF frequency response in Eq. 5-5 has to be considered in combination with the MZI. As a 
result, the FM-IM conversion is performed through a total periodic filter determined by hSYST(z,t) = 
hMZI(t) *  hMMF(z,t) (see Fig. 5-11(b)). The transfer function HSYST(z,f) of such a total filter is depicted in 
Fig. 5-12(d). In this example, the MZI shift delay is t  = 100 ps (see Fig. 5-12(a)) and the MMF is 
modelled with the values of MPD and MGD indicated in Fig. 5-12(b) [122] (only an example for 
illustration purposes), which yield the MMF transfer function HMMF(z,f) depicted in Fig. 5-12(c) for 
z=4 km (attenuation is not included). 
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(b)

(c)

(d)

(a)

 
Fig. 5-12: System Transfer Functions: (a) MZI transfer function |HMZI(f)| with t =100 ps; (b) MMF 

characterization example (MPD and MGD); (c) MMF transfer function |HMMF(z=4km,f)| corresponding to 
characteristics in (b); (d) total transfer function |HSYST(z=4km,f)| 

 
As can be seen, the shape of the total periodic filter is mainly dictated by the MZI response, whereas 
the MMF introduces some ripple-patterns inside the dominating MZI lobes. Considering a link 
composed of several MMF pieces, connector offset between them would cause a redistribution of 
power among the existing mode groups into the next MMF piece. This would result in variations of 
the ripple-pattern in HSYST(z,f); however, the shape of the total periodic filter would be still dominated 
by the MZI response. Thus, only slight variations in the harmonic power distribution might be 
expected due to MMF transmission. In a real link, mode mixing between modes groups may occur due 
to transmission and connector offset. Each mode group output yields a combination of weighted 
versions of the input signal with corresponding path delay. As a result, the FM-IM conversion is 
performed in two steps: first, through the MZI (with t ); and second, through the MMF link (with 
multiple t i combinations per mode group). Thus, the desired harmonic band can be optimized through 
the MMF with the parameters w0, t  and b, which may help to alleviate the dramatic effect of dips in 
the (conventional) MMF frequency response. 
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5.3.3 Experimental measurements 

 
To test the effects of MMF transmission in a RoF link based on OFM, an experimental arrangement 
according to the schematics in Fig. 5-11 was setup. 
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Fig. 5-13: Harmonics generation by OFM: (a) Harmonics strength with varying sweep frequency (fsw); (b) 

Spectra measurements with fsw=6 GHz, back-to-back (left) and after 4.4 km MMF transmission (right). 

 
A phase modulator was used to modulate the frequency of a continuous wave laser source (1310nm) 
by a sweep frequency fsw. The free spectral range of the MZI was 10 GHz (t  = 100 ps) and the 
photodiode had a 25-GHz -3dB bandwidth. The fibre employed in the transmission was a 4.4-km long 
50-mm core graded-index MMF with 1.604GHz´ km BW´ L product and 0.49-dB/km attenuation at 
1310 nm. The output of the photodiode was boosted with a 40-GHz broadband amplifier and 
visualized with a vector signal analyzer. Fig. 5-13(a) shows the harmonic strength obtained after MMF 
transmission at the RF frequency multiples of fsw, with fsw varying from 1 to 6 GHz. As indicated in 
Eq. 5-3 and Eq. 5-4, the relative amplitude of each harmonic depends on fsw,t  and b; thus, assuming a 
fixed t  (MZI), fsw and b can be selected to optimize performance at the desired band. Fig. 5-13(b) 
shows the RF spectra measured at the output of the photodiode with fsw=6 GHz. Comparing the 
measured spectra in the back-to-back case and after the MMF link, the envelope of the harmonics 
amplitude is preserved, and only slight fluctuations in the harmonic distribution power can be 
observed. To evaluate the link performance for radio signals transmission and upconversion, the 
optical FM signal (with fsw=6 GHz) was intensity modulated (externally) by 16-QAM and 64-QAM 
signals at 300 MHz, with symbol rates (SRs) ranging from 5 to 20 MS/s and error vector magnitude 
(EVM) values ranging from 0.5% to 1.8% (i.e. signal-to-noise ratio (SNR) from 46 to 34.9 dB). Then, 
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the RF signals obtained along with the fourth harmonic (f4th=24 GHz) at fRF=23.7 GHz, and with the 
fifth harmonic (f5th=30 GHz) at fRF=29.7 GHz, were selected for evaluation. 
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Fig. 5-14: SNR penalty experienced by the 16-QAM and 64-QAM signals recovered at 23.7 and 29.7 GHz due to 

OFM upconversion (labeled with OFM) and MMF transmission (labeled with MMF) 

 
The SNR of the selected signals was derived from EVM measurements, in order to calculate the SNR 
degradation introduced by the RoF analog link. Fig. 5-14 shows the total SNR penalty experienced by 
the 16-QAM and 64-QAM signals recovered at 23.7 and 29.7 GHz, indicating the penalty contribution 
due to OFM upconversion with respect to the input signals at 300 MHz and due to MMF transmission, 
separately. The SNR penalty margin to accomplish with the IEEE802.11a standard specification for 
the transmitter constellation error (i.e. 5.6% and 7.9% for 64-QAM with code rate 3/4 and 2/3, 
respectively; and 11.2% for 16-QAM with code rate 3/4) is also indicated with error bars. 

The SNR degradation due to OFM upconversion does not depend on the QAM constellation, but on 
the signal bandwidth SR. The lower OFM upconversion SNR penalty observed with higher SR occurs 
because the effective modulation index of the intensity modulator varies with SR and the phase noise 
contribution, which is higher for higher SR in the input signals, and does not scale linearly in terms of 
SNR penalty. However, the SNR penalty margin is still narrower for higher SR because the input 
signals at 300 MHz also had worse SNR for higher SR. The SNR penalty caused by MMF 
transmission was ~2.4 dB and ~4.5dB for the signals recovered at 23.7 and 29.7 GHz, respectively. 
The different performance observed for the signals at 23.7 and 29.7 GHz has three main penalty 
sources: first, the average power distributed to the fourth and the fifth harmonics is different; second, 
the fifth harmonic (30 GHz) lies 5 GHz beyond the nominal photodiode bandwidth, thus, the 
photodiode response at 29.7 GHz is less efficient; and third, the 40 GHz broadband amplifier 
employed in the experiment produced a noise peak in the band around 30 GHz (see noise profile in 
Fig. 5-13(b), which introduced additional distortion in the signals recovered in this band. 

As can be seen in Fig. 5-14, the 16-QAM signals meet the standard requirements in all cases. For 64-
QAM, a maximum of 10 MS/s at 29.7 GHz could be successfully transmitted according to the more 
strict requirements (though the back-to-back upconversion was successful in all the cases). In order to 
accomplish with the standard specification for the 20-MS/s 64-QAM signals at 29.7 GHz, the input 
signals at 300-MHz should have a SNR better than 40 and 37 dB for 3/4 and 2/3 code rates, 
respectively. 
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6 Conclusions 
Deliverable D4.2p has covered a wide range of aspects related to transmission techniques for access 
and in-building networks. The main conclusions of this report are summarized below:  

Multi-level baseband transmission techniques for 100 Gb/s have been studied, specifically DQPSK 
and D8PSK. It has been found that XPM is the main intra-channel non-linear impairment for WDM 
links employing multilevel phase modulation for capacity upgrade of individual channels. The main 
XPM induced degradation comes from the nearest channels and is mainly caused by fluctuating 
optical power in the link: upgrading all channels to phase modulation will therefore reduce the XPM-
induced degradation dramatically. Given the relatively limited reach of extended PON links non-linear 
effects should be tolerable, but on the other hand per-channel chromatic dispersion will be needed. 
Cascaded filtering may become an issue for DQPSK at 100 Gb/s for a DWDM PON with the 100 GHz 
channel grid. Overall, the performed studies suggest that multilevel phase modulation is a feasible 
solution for capacity upgrade to 100 Gb/s on extended WDM-PON up to 250 km. 

AMOOFDM has shown a great potential for implementation in MMF based networks and so 
significant cost savings can be realized as enterprise customers prefer to use their installed MMF 
rather than pulling new fibres to upgrade the links above 10 Gb/s. Also, AMMOFDM modems can be 
exploited to achieve colourless AMOOFDM transmitters for WDM-PONs which is the major 
challenge in practical implementation as it has to be ensured that the uplink transmission performance 
is independent of the wavelength dynamically assigned from the central office in order to avoid high 
inventory, deployment and maintenance cost at the individual customer base. The SOA intensity 
modulators operating at the identified optimum conditions (1510-1590 nm) enable the realization of 
colourless AMOOFDM transmitters in access networks. Furthermore, it is also shown that the 
colourless AMOOFDM transmitters are capable of supporting >30Gb/s transmission over 60 km SMF.  

In the context of in-building networks, the development of a cost-effective LED-based OFDM 
transceiver for POF has been reported. Nowadays, the main impeding factor in this development is 
related to the commercial availability of electronic chipsets for the transmitter and receiver suitable for 
data rate close to 1 Gb/s. To our best knowledge, the current fastest implementations of OFDM are 
today related to powerline standards and wireless UWB-OFDM, with prototypal chipset reaching 
today 400 Mb/s. Though not yet capable of delivering 1 Gb/s, these chipsets allow to envision a faster 
generation of OFDM chipsets in the near future.  

A number of novel methods for radio-over-fibre transmission have been demonstrated for single-
mode, multi-mode and plastic optical fibres. In particular, a simultaneous transport of 21.4 Gb/s 
baseband and 1.25 Gb/s at 5.35 GHz wireless signals on single wavelength over an SMF using 
polarisation multiplexing has been demonstrated.   

Regarding the techniques for overcoming optical system impairments, the feasibility of transmitting 
the I and Q channels of a 16-QAM signal has been demonstrated using two different wavelengths 
achieving 100 Mb/s over 100 m of 1mm core diameter SI-POF. 460nm (blue) and 520nm (green) 
wavelength channels have been used due to the low attenuation of the PMMA POF showing that the 
crosstalk between the green and blue channels did not noticeably degrade the system performance. It 
has also been demonstrated that by employing the OFM technique the modal bandwidth limitation of a 
MMF link can be overcome in RoF systems. The experiments reported in the document show that 
OFM can be applied to generate microwave carriers up to 40 GHz and deliver them over 4.4 km of 
MMF link. Also, 16-QAM and 64-QAM radio signals have been upconverted from 300 MHz to 23.7 
and 29.7GHz, and successfully recovered. The results suggest that the effect of MMF modal 
dispersion on the system performance can be substantially diminished and the reach of MMF links can 
be considerably improved provided the power budget is properly dimensioned.  


