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1. Introduction

An appearance of Radio over Fiber (RoF) technique has introduced a new ways of communication. With high bandwidth capability of fiber optic, it can solve traffic problems and spreading the coverage of the system. By manipulating the advantages of optical fiber, it is believed that the RoF system is able to reach over 60GHz of RF carrier for data transmission with small attenuation. Based on the concept, the RoF system can increases spur free dynamic range (SPDR), reduces noise figure and improves bandwidth [1] of communication system. Currently, there are many variations of RoF system that were introduced with each one offers different specifications and application for different purposes. In some published papers and journals, RoF system is dubbed as microwave over fiber (MMoF), RF over fiber (RFoF), fiber-wireless (FiWi) and Fiber-to-the-air. Although there are many variation names of the RoF system, it still offers a cost economic solution from the aspect of installation and maintenance of central base station unit which functioned as data processing and distributor [2]. 

The millimeter-wave (mm-wave) RoF downlink and uplink system has been developed, which the signal for RoF downlink is transmitted from central station (CS) to remote antenna unit (RAU) before extending it wirelessly to the customer premise unit (CPE) with millimeter-wave capability. While, the signal of the RoF uplink from the CPE to RAU wirelessly and then the base-band signal is transmitted to the CS. There are many techniques to generate millimeter-wave signal for downlink system, to name a few, the optical phase-locked loop (OPLL) [3], optical-injection phase-locked loop (OIPLL) [4], dual sideband (DSB) modulation [5], using stimulated Brillouin scattering (SBS) [6-8] and the dual-sideband optical carrier suppression (DSB-OCS) [9-11]. The DSB-OCS and SBS techniques have been used in this project for carrier generation. For uplink system, there are no special topology has been used because the base-band signal is transmitted directly from RAU to the CS.

In addition, a life high definition (HD) video transmission has been demonstrated for RoF downlink and uplink system. The RoF downlink system was demonstrated using dual-sideband OCS technique in conjunction with the minimum transmission bias (MiTB) to generate optical millimetre-wave signal by utilizing a dual electrode Mach Zehnder modulator (DE-MZM). A baseband HD video signal is modulated into the system and then the signal is distributed to a RAU using 20km optical fiber. After that, the signal is transmitted wirelessly to the CPE. Whereas, the RoF uplink system was demonstrated from CPE to RAU through 25km fiber and the base-band signal is transmitted directly to CS. The HD video is successfully transmitted over the error free.

2. Scope
In this document, architecture of RoF-WDM PON system has been proposed, which the RF signal is transmitted from central station (CS) to remote antenna unit (RAU) before extending it wirelessly to the customer premise unit (CPE) with millimeter-wave capability. This RoF system is riding on existing PON system with WDM technology.
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4. Abbreviations and acronyms
ASK		Amplitude-Shift Keying
BBA		Baseband Amplifier
BEP/FEP	Back-End Processor and Front-End Processor
CPE		Customer Premise Equipment
CS		Central Station
CW		Continuous Wave
DE		Dual Electrode
DEMUX	Demultiplexer
DP		Distribution Point
DSB		Dual Sideband
EDFA		Erbium-doped Fiber Amplifier
FCP		Frequency Conversion Processor
FiWi		Fiber Wireless
FTTH		Fiber to the Home
GPON		Gigabit-capable Passive Optical Networks
HD		High Definition
HDMI		High-Definition Multimedia Interface
IF-band 	Intermediate-Frequency-band
LD		Laser Diode
LNA		Low Noise Amplifier
LOS		Line-of-sight
M/dMP	Modulation and demodulation processor
MiTB 		Minimum Transmission Bias
MMoF 	Microwave over Fiber
MUX		Multiplexer
MSF		Modulation Symbol Format
MZM		Mach-Zehnder Modulator
OCS		Optical Carrier Suppression
ODF		Optical Distribution Frame
OIPLL		Optical-injection Phase-locked Loop 
OLT		Optical Line Terminal
ONU		Optical Network Unit
OOK		On-Off Keying
OSU		Optical Subscriber Unit
PA		Power Amplifier
PD		Photodetector
PON		Passive Optical Network
PRBS		Pseudo-random Bit Sequence
RAU		Remote Antenna Unit
RF		Radio Frequency
RF-band	Radio-Frequency-band
RoF		Radio over Fiber
Rx		Receiver
SBS 		Stimulated Brillouin Scattering 
SDI		Serial Digital Interface
SMA		SubMiniature Version A
SOA		Semiconductor Optical Amplifier
SPDR		Spur Free Dynamic Range
Tx		Transmitter
TCLP		Transmission Convergence Layer Processor
WDM		Wavelength Division Multiplexing

5. Problem statement
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Figure 5.1	Architecture of current FTTH installation obstacles.
Typical access to high speed broadband internet access is through Fiber-to-the-Home (FTTH) network. This conventional network requires fiber to be installed from the exchange (from the service provider) to the customer's premises equipment (to the user).  Figure 5.1 is shows the architecture of current FTTH installation obstacles. In certain area, regulation from the local authority requires the fiber to be deployed underground. Problem occurs when there are obstacles either from man-made obstacles (e.g. buildings) or from natural geographical surroundings (e.g. river) that prevent fiber to be installed between these two points. Apart from that, the construction work such as digging and hacking will also increase the overall operation cost. Integration of RoF with WDM PON system overcomes the problem faced by this conventional network by replacing the drop fiber with wireless transceiver using millimetre wave wireless data distribution technology while maintaining data rate of 100Mbps-1Gbps.

6. System Architecture
6.1 Overall system architecture
Radio over Fibre is a rather ideal technology for the integration of wireless and wired networks. The main reason being is that it combines the best attributes of two common communication methodologies. A wireless network connection frees the end-user from the constraints of a physical link to a network, which is a drawback of conventional fibre optic networks. Meanwhile optical networks have an almost limitless amount of bandwidth with which to satiate even the most bandwidth hungry customers where bandwidth for wireless networks can be a significant bottleneck. Thus RoF networks offer customers the best of worlds by allowing them to maintain their mobility while also providing them with the bandwidth necessary for both current and future communication/entertainment applications (i.e. HDTV, Video on Demand, 3DTV, video teleconferencing, etc.).
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Figure 6.1  Conceptual design RoF-WDM PON system architecture

Furthermore RoF networks also provide for greater geographical flexibility as compared to using either one or the other methodologies. Such network topologies could be useful in places such as large buildings, subways and tunnels where large amounts of people are mobile thereby making physical connections impossible and standalone wireless systems being faced with the difficulty of bandwidth limitations and handover issues. With that reason, as shown Figure 6.1, architecture of the hybrid RoF-WDM PON is propose to be considered as application for seamless access communication network. 

Figure 6.2 shows the idea of implementation of RoF-WDM PON architecture at residential area and Figure 6.3 shows the block diagram of integration radio over fiber WDM PON. From the both figures, it can be divided into 4 sections. First section is an Optical Line Terminal (OLT) which consists of a number of GPON cards and LROF Cards in several cabinets and X:1 WDM MUX. The GPON cards and LROF Cards which used to generate PON wavelength, (𝝺1,2GPON) and RoF wavelength, 𝝺RoF, (𝝺a, 𝝺b, 𝝺c and etc) respectively are linked together at the WDM MUX. This architecture ideally is suggested to implement at new development area which requires both PON system and RoF network. This multiple combination wavelength which goes through the WDM MUX is transmitted to the second section called distribution network. In this section, all fiber connectivity from WDM MUX is connected to Optical Distribution Frame (ODF) which is functioning as an intermediate interface between in-building fiber connection and external distribution fiber network connection. The ODF will manage the arrangement of a ring network connection for each coverage areas with the respective cabinets within the exchange building. For this architecture, the single-mode fiber (SMF) is proposed to use for the ring network fiber connection between ODF and Fiber Distribution Cabinet (FDC) which located about 10km away from the exchange building. The FDC contains WDM DEMUX used to separate the wavelength of the respective optical signals to respective Pedestal Distribution Points (PDP) or Remote Antenna Units (RAU). The total 20km distance and 11km from ODF-FDC-PDP-ONU and from ODF-FDC-RAU-CPE respectively are calculated based on accepted signal attenuation for PON system and accepted noise distortion for RoF network. In the PDP, there is a 1:Y splitter which used to distribute the optical power to each customer premise at same the wavelength (𝝺1,2GPON) while in the RAU, there is a 1:Z WDM DEMUX which used to separate the wave length to specific wavelength (𝝺a, 𝝺b, 𝝺c and etc) for each customer premise.
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Figure 6.2	Implementation of RoF-WDM PON architecture.

[image: ]

Figure 6.3	Block diagram of integration radio over fiber WDM PON.

6.2	Downlink Architecture
[image: ]
Figure 6.4	Block diagram of downlink architecture.

Figure 6.4 shows the block diagram of downlink architecture which describing a central station (CS), a remote antenna unit (RAU) and a customer premise equipment (CPE). In CS, the laser diode (LD) module will generates a continuous wave (CW) laser at a specific optical power. This CW laser will be used by the optical modulator to generate the RF carrier at specific frequency and then this RF carrier will be used by another modulator to up-convert the signal data. This technique is called Optical Carrier Suppression (OCS).  After that, the modulated signal from OCS module is amplified by an optical amplifier before it is transmitted via an optical fiber to the RAU. In the RAU, the transmitted optical signal from the CS will be converted into an electrical signal by High-Speed Photodetector (PD) and then be amplified again by Power Amplifier (PA) before transmitting to the CPE via high frequency antenna. At the receiving part which called CPE, received signal output is amplified by Low Noise Amplifier (LNA). Then, the amplified signal from the LNA which is at high frequency will be down-converted to baseband signal by RF mixer. There are 2 methods to down-convert the signal whether using LO to mix the signal or using self-mixing technique which use self-oscillating behaviour inside the mixer. After that, since the mixing signal is quite small, this signal is then be amplified by the baseband amplifier (BBA) before be processing at the next stage.

6.3    Uplink Architecture

LNA
Mixer
LNA
RF Signal
PA
IF Signal
E/O/E
Received 
Signal
Mixer
BBA






CS
RAU



CPE


Figure 6.5	Block diagram of uplink architecture.

Figure 6.5 shows the block diagram of uplink architecture which describing a central station (CS), a remote antenna unit (RAU) and a customer premise equipment (CPE). In CPE, RF signal also known as carrier signal is injected into the mixer. In mixer, the RF signal is combined with IF signal to up convert the signal from baseband to 36 GHz. Then, the signal is amplified by the LNA and transmitted to the RAU after PA. At RAU, the received signal is amplified by the LNA then down converted at mixer. The down converted electrical signal is amplified by the BBA and then that signal will be received by the central station.

6.4	Radio-collaborating optical distribution network (ODN)

Figure 6.6 shows a conventional optical distribution network (ODN) for PON systems, which basically consists of an optical line terminal (OLT), an ODN, and some optical network units (ONUs). The ODN generally consists of optical fibers as a transmission line and splitter(s) as a distribution point.

[image: 1]
Figure 6.6	Conventional ODN.

To solve the geographical problem, it is desired that the ODN area should be extended with radio technologies as mentioned in the previous section. Figure 6.6 shows some fundamental radio-collaborating ODNs, in which a part of ODN is replaced with a radio link. Figure 6.7(a) represents the ODN, in which a dropping fiber is partially replaced with a radio link. Figure 6.7(b) represents the ODN, which makes good use of the multi-casting nature of radio at a distribution point. Figure 6.1 is a typical example of this case. Figure 6.7(c) represents the ODN, in which a consolidating fiber is partially replaced with a radio link. The required bandwidth of radio link strongly depends on PON services. Since the bandwidth of PON services is much broader than that of conventional radio services, high-efficient radio transmission techniques, such as multi-level modulation, multi-input multi-output transmission, multi-band aggregation, and so on, may be also required even if a millimeter-wave-band radio is used.
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(c)
Figure 6.7	Radio-collaborating ODN: (a) in a dropping line, (b) at a distribution point, and (c) in a consolidating line.

Moreover, any combination of radio-collaborating ODNs can be configured as shown in Figures 6.6(a) to (c)

6.4	Transmission system architectures
Figure 6.7 shows transmission system architecture for conventional PONs, which basically consists of a conventional PON optical subscriber unit (OSU) in an OLT, a fiber-optic link, and an ONU. The OSU and the ONU fundamentally consist of a transmission convergence layer processor (TCLP) and an optical transceiver. In this case, the fiber-optic link corresponds to an ODN.

[image: 1]
Figure 6.7	Conventional PON.

Figure 6.8 shows transmission system architecture for PON extension links with conventional radio technologies. The system basically consists of a conventional PON OSU/OLT, a fiber-optic link, a remote antenna unit (RAU), a radio link, a customer premise equipment (CPE), and an ONU. In this system, PON data is transmitted over the fiber-optic link with an on-off keying (OOK) format and is repeated by the radio link. By the difference of modulation format in the radio link, there are two RAU configurations. One is that the modulation format of radio link is the same as that of optical link, and the other is that the modulation format of radio link is different from that of optical link. In the former system, the RAU and the CPE consist of an optical transceiver, a frequency conversion processor (FCP), and a radio-frequency-band (RF-band) back-end processor and front-end processor (BEP/FEP) as shown in Figure 6.4(a). In this case, PON data is frequency-converted between optical and radio links with the same modulation format, generally with the OOK or a binary amplitude-shift keying (ASK). In the latter system, on the other hand, the RAU and the CPE consist of an optical transceiver, a baseband modulation and demodulation processor (M/dMP), an FCP, and an RF-band BEP/FEP as shown in Figure 6.8(a). In this case, PON data can be transmitted over the radio link with the modulation format different from that of the optical link.
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(b)
Figure 6.8	PON extension links with conventional radio technologies: (a) same modulation format and (b) different modulation format between optical and radio links.

Figure 6.9 shows transmission system architecture for PON extension links with RoF technologies by using same modulation format between optical and radio links. The system basically consists of a RoF OSU/OLT, a fiber-optic link, a RAU, a radio link, a CPE, and an ONU. In this system, the RoF OSU/OLT consists of a TCLP, an FCP, and an optical transceiver, and the RAU consists of an optical transceiver, an FCP, and an RF-band BEP/FEP. In this case, a subcarrier signal with the same modulation format as that of optical link is generated and then the generated subcarrier is transmitted over the fiber-optic link. By the difference of subcarrier frequency, there are two RoF transmissions. One is an intermediate-frequency-band (IF-band) subcarrier signal transmission as shown in Figure 6.9(a), and the other is an RF-band subcarrier signal transmission as shown in Figure 6.9(b). In the former system, although the RAU configuration becomes a little complex, the required bandwidth of optical modulation and detection can be mitigated. In the latter system, although the broad bandwidth of optical modulation and detection is required, the RAU configuration becomes simple.
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(b)
Figure 6.9	PON extension links with RoF technologies by using same modulation format between optical and radio links: (a) IF-band subcarrier signal transmission and (b) RF-band subcarrier signal transmission.

Figure 6.10 shows transmission system architecture for PON extension links with RoF technologies by using different modulation format between optical and radio links. The system basically consists of a RoF OSU/OLT, a fiber-optic link, a RAU, a radio link, a CPE, and an ONU. In this system, since the different modulation format in the radio link is used, a baseband M/dMP is required in the RoF OSU/OLT and the CPE. By the difference of subcarrier frequency, there are three RoF transmissions. The first is an equivalent low-pass or equivalent baseband signal transmission as shown in Figure 6.10(a), the second is an IF-band subcarrier signal transmission as shown in Figure 6.10(b), and the third is an RF-band subcarrier signal transmission as shown in Figure 6.10(c). In the first system, although the RAU configuration becomes complex, the required bandwidth of optical modulation and detection can be minimum. In the second system, although the RAU configuration becomes a little complex, the required bandwidth of optical modulation and detection can be mitigated. In the third system, although the broad bandwidth of optical modulation and detection is required, the RAU configuration becomes simple.
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(c)
Figure 6.10	PON extension links with RoF technologies by using different modulation format between optical and radio links: (a) equivalent low-pass (equivalent baseband) signal transmission, (b) IF-band subcarrier signal transmission, and (c) RF-band subcarrier signal transmission.

[bookmark: _GoBack]As shown in Figures 6.8 to 6.10, various PON extension links are possible. Since the PON data is binary in general, the transmission bandwidth of radio signal strongly depends on the bit rate of PON data if the high-efficient modulation format is not used. Therefore, in the transmission system architectures shown in Figures 6.8 (a) and 6.9, the available bit rate of PON data is limited by the allocated radio bandwidth. On the other hand, in the transmission system architectures shown in Figures 6.8 (b) and 6.10, the available bit rate of PON data can be increased with the high-efficient modulation format, which are generated in the baseband M/dMP. Moreover, the RAUs in the transmission system architectures shown in Figure 6.10 are simpler than that in Figure 6.8 (a), resulting in the cost-effective RAU configuration.

6.5 Modulation-symbol-format (MSF) maintaining transmission scheme
When an efficiency of transmission on a physical layer is considered, in general, it would be better from the technological and physical viewpoints to make media conversion processing in each non-terminal node be simple. Since an available carrier frequency strongly depends on a transmission path/medium, it is considered that the best way is to maintain a modulation symbol format consistently. On the other word, it means that a modulation symbol format should be seamlessly transmitted over all physical transmission lines, where it is also known as “modulation-symbol-format (MSF) maintaining transmission”. Figure 6.11 shows the fundamental configuration for MSF maintaining transmission. The portion consisting of a pair of MSF-maintaining media conversion processors and a physical transmission path/medium corresponds to an MSF-maintaining link. The MSF-maintaining media conversion processor should basically have functions of both frequency conversion and physical interface from/to the physical transmission path/medium. To achieve the further simplification of media conversion processor, it is desirable that the signal processing for undesired nonlinearities and noises, such as distortion compensation and signal equalization, should be performed not in media conversion processors at non-terminal nodes but only in modulation/demodulation processors at terminal nodes.
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Figure 6.11	Fundamental configuration of MSF-maintaining link.

Based on this concept, it can be said that the transmission system architectures shown in Figure 6.9 are the efficient way when distortion compensation and signal equalization are performed only in the RoF OSU/OLT and the ONU. If the radio bandwidth is limited, the transmission system architectures shown in Figure 6.10 are also the efficient way when distortion compensation and signal equalization are performed only in the RoF OSU/OLT and the CPE. In both ways, unlike the transmission system architectures shown in Figure 6.8, the optical signal transmitted over the fiber-optic link can be easily converted to the radio signal. So, it can be called “radio-friendly optical signal”.

7. Example of proof of concept
7.1 Downlink System 
There are many demonstrations with respect to the millimeter wave radio over fiber (RoF) downlink system to facilitate the gigabit per second (Gbps) wireless signal distribution. The demonstrations use various techniques for the optical mm-wave generation, to name a few, the optical phase-locked loop (OPLL) [3], optical-injection phase-locked loop (OIPLL) [4], dual sideband (DSB) modulation [5], using stimulated Brillouin scattering (SBS) [6-8] and the dual sideband optical carrier suppression (DSB-OCS) [9-12]. Among all the optical mm-wave generation techniques, DSB-OCS is attractive because it requires only half of the intended frequency at central station (CS) to produce the actual mm-wave signal at remote antenna unit (RAU). It also offers better spectral efficiency, produces tunable mm-wave carrier and utilizes fewer and smaller components to generate the optical mm-wave carrier compared to the other techniques mentioned. These factors will give benefit in order to scale down the size of CS and reduce design complexity. 
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Figure 7.1	 Basic setup for ROF downlink system demonstration.

Instead of merely using a pseudo-random bit sequence (PRBS) source, in this section the transmission of live high definition (HD) video signal has been demonstrated with a bit rate of 1.485Gbps using the 40GHz ROF downlink system. In the basic RoF downlink setup as shown in Figure 7.1, the DSB-OCS technique is used in order to produce a suppressed carrier with 20GHz dual sidebands signal. A second MZM is used after the DSB-OCS module to modulate live HD signal from a video camera into the RoF system. Then, 40GHz signal is generated by heterodyne process at RAU after 20km of optical fiber. Subsequently, the signal is transmitted wirelessly to the customer premise equipment (CPE) to display the HD video content.

7.1.1 Downlink Demonstration Setup
The setup as shown in Figure 7.2 is constructed in the laboratory to carry out the 40GHz RoF downlink system demonstration. At the CS, a 1550nm laser diode (LD) generates continuous wave (CW) laser with an optical power of 6dBm. The CW signal passes through a polarization controller (PC) in order to maximize the optical signal coupling before it is launched into a dual electrode Mach-Zehnder modulator (DE-MZM). A signal generator (SG) is used to generate 20GHz electrical signal which is equally split by 3 dB power splitter and an 180ο phase difference is introduced between the divided signals using a phase shifter (PS). The electrical signals are then used to drive the DE-MZM in order to produce optical dual side band (DSB) signal. 
The optical carrier suppression (OCS) function is realized by applying bias voltage between the two electrodes of the DE-MZM at Vπ as well as ensuring that the phase difference between the electrodes is always 180ο to maximize the OCS and suppressing unwanted wavelength components. The output of the DE-MZM is then amplified with a semiconductor optical amplifier (SOA) and passes through a second PC before connecting it to a second MZM for Gbps data modulation purpose. In this case, a live HD video camera is employed to produce HD video source. A HDMI-SDI converter is used to convert the signal for SMA connectivity. The Gbps baseband signal amplitude is controlled by introducing an attenuator before it is modulated into the optical domain by the second MZM which is biased at quadrature. The output of the second MZM is further amplified by an erbium-doped fiber amplifier (EDFA) and transmitted via a 20km optical fiber to the RAU.

At the RAU, a high-speed PD with a 3dB bandwidth of 60 GHz and a responsivity of 0.85A/W is used to detect the optical signal. The 40GHz signal output from the PD is amplified by an electrical power amplifier (PA) with a gain of 15dB and wirelessly transmitted by a 23dBi gain horn antenna. The signal is picked up by another horn antenna at 5m away from the first antenna and amplified by a 20dB gain low noise amplifier (LNA). A mixer is used to down-convert the signal back to the baseband form. The baseband signal is then amplified by a 26dB gain baseband amplifier before it is converted by an SDI-HDMI converter and connected to a HD display to demonstrate the live HD video transmission capability over the system.
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Figure 7.2 	Downlink system demonstration setup.

7.2 Uplink system



[image: ]






Figure 7.3    Final setup for 36 GHz RoF uplink system.

For the uplink setup as shown in Figure 7.3, the source of HDMI from video server is transmitted to the CS module then to the display monitor. The HDMI converter was used for the HDMI-SDI-HDMI signal conversion. The signal is wirelessly transferred from the CPE to the RAU with the carrier frequency is 36 GHz. Then, the signal from RAU is transmitted to the central station and  next to the display monitor through the HDMI converter.

7.2.1 Uplink Demonstration Setup
The setup as shown in Figure 7.4 is constructed in the laboratory to carry out the 36 GHz RoF uplink system demonstration. 
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Figure 7.4   Final setup for 36 GHz RoF uplink system.

In this experiment, the line of sight (LOS) distance between two antennas from customer premise equipment (CPE) to remote antenna unit (RAU) is around 2 m. The carrier source of radio frequency (RF) has been injected into the mixer as a carrier signal. In this experiment, the power carrier signal is set at 8.6 dBm as the mixer used in the CPE is a passive mixer.

The CPE contains mixer, attenuators, tuneable attenuator and PA, and antenna. The antenna gain is about 15 dBi. The mixer is used to up-convert from baseband signal to 36 GHz. In this topology, the tuneable attenuator used for stabilizing the signal gain to appropriate signal so that the signal will not saturated before it being transmitted to RAU.

RAU uplink contains antenna, LNA, mixer, attenuators, BBA and filter. The antenna gain used for this experiment is 15 dBi. For the mixer, there is no local oscillator required as it implemented the self-mixing technique to down-convert signal from 36 GHz to baseband signal. Once the signal has been transmitted to the RAU, the baseband signal will then be transferred to optical component which located at CS.

7.3 Network Integration Setup
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Figure 7.5	         Overall integration system setup for network to PC.

Figure 7.5 shows the overall integration system setup for network to PC. For the downlink transmission, the network signal is transferred to the PC by using the media converter and finisar eval board for the E-O-E signal conversion process. Then, the signal is transferred to the MZM2 and combined with the 40 GHz carrier that is come from the OCS. The amplified signal is transferred to the RAU downlink through fiber. From RAU downlink, the signal is transmitted wirelessly through the LOS to the CPE downlink. To transmit the signal to the computer, the media converter is needed to convert the signal from the finisar eval board to the packet data.

For the uplink system, the signal is transmitted from the computer to the network. From the computer the signal is converted E-O-E signal using the media converter and finisar eval board. The signal is transmitted to the CPE uplink and then the amplified signal from CPE will be transmitted to the RAU uplink through LOS. Then, the signal is send back to the network port RJ45 by going through E-O-E signal conversion process.

7.4 	Implementation of RoF WDM-PON

The implementation of RoF into WDM-PON architecture were based on the progress of mm-wave RoF. This RoF WDM-PON system were developed and assemble to demonstrate the actual uses of RoF in real customer premise situation. However, due to certain circumstances, mm-wave frequency are not applicable to replicate in the system. Therefore we demonstrated it by using low frequency tranmission RoF-FTTH system.

[image: Screen Shot 2015-08-27 at 10]
[bookmark: _Ref413266593][bookmark: _Toc421050750][bookmark: _Toc404162790][bookmark: _Toc411957397]Figure 7.6: System Topology for Low-Frequency RoF-FTTH
The system shown in figure 7.6 is the topology of Radio over Fiber low frequency- fiber to the home architecture. The overall concept is to provide point to multipoint RoF system integrated into an existing TM GPON network architecture. The integration happens at GPON OLT, whereby a LROF card were connected to a legacy system. This card modulated data from the source and transmitted to fiber link. 

By using WDM system, this system is capable of delivering upto 8 RAU and each RAU can be transmitted to 3 users. The radio frequency specification of downlink is about 1500MHz and for uplink is 1400MHz. Wireless transmits between RAU Base station and uWave Terminal is up to 1 kilometer for point-to-point and upto 500m for point-to-multipoint system.

This system is not only for data transmission but also forcomplete triple play services  which include IPTV, VOIP and Internet.


8.0 Results and discussion

8.1	Downlink system
A 20GHz electrical signal with amplitude of 20dBm is used to drive the DE-MZM to produce the dual sideband signal. The minimum transmission bias (MiTB) is achieved by setting the bias voltage for the first electrode at Vπ or 5V and the second electrode is grounded. Thus, the DSB-OCS system has produced a dual sideband with optical carrier suppression of 25dB as shown in Figure 8.1 (a). This is the maximum suppression that can be obtained by the setup because the value is equal to the extinction ratio value, which is the difference between maximum and minimum transmission as specified for the DE-MZM device. 

As a result from the optical spectrum, millimeter-wave signal is generated with amplitude of -14dBm. A HDMI cable is used to extract the live HD signal from the camera which is then converted into serial form by HDMI-SDI converter. The output of the converted is tuned in the range of -38dBm to -25dBm before it is used to drive the second MZM which is biased at quadrature, or the half wave voltage of 1.5V to modulate the live HD video into the optical system. After the amplification by the EDFA and 20km of a single mode optical fiber, the signal is detected by a PD at the RAU and amplified by a 15dB gain PA and transmitted to CPE via a 23dBi horn antenna. The generated signal is shown is Figure 8.1 (b).


[image: ]
(a)				 (b)
Figure 8.1	(a) DE-MZM optical output, (b) 40GHz signal generated.
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(a)				 (b)
Figure 8.2    (a) Output HD signal spectrum, (b) Output eye diagram.

[image: ]
Figure 8.3    BER vs received optical power for the mm-wave ROF downlink.

Figure 8.2 (a) shows the spectrum of the baseband HD signal after it is captured by a 23dBi horn antenna which is strategically placed at 5m from the RAU, amplified by 20dB gain LNA and down-converted by a mixer at the CPE. Figure 8.2 (b) shows the eye diagram of the baseband HD signal before it is successfully displayed on a HDTV as shown in Figure 7.2. As a supplementary to the system demonstration, a bit error rate (BER) measurement has also been carried out on the demonstrated system using 1.25Gbps PRBS signal. The graph in Figure 8.3 indicates that the demonstrated system has almost no penalty between the back to back and 20km fiber for a BER of 10-9.

8.2	Uplink system
[image: UL_before & after transmitted]

Figure 8.4 Baseband signal before and after transmitted to optical component

Figure 8.4 shows the baseband signal which was down-converted from 36 GHz signal transmitted from CPE. The green graph and the yellow graph is a baseband signal before and after it being transmitted to optical component respectively. From the graph, it can be seen that the baseband signal before and after transmitted to optical component is almost identical and low loss.
[image: UL_eye_after RAU before CS (after 25km fiber) - edited2]

Figure 8.5 Eye diagram of the baseband signal at the RAU

During experiment, the eye diagram of the baseband signal at the RAU before transmitted to CS is shown as Figure 8.5. From the figure, it shows that opening of the eye diagram is adequate for HDMI processor to process. If the opening is too narrow, there is high possibility that the HDMI processor cannot extract the signal from the baseband. 

There is a small form-factor pluggable (SFP) transceiver at CS. In this experiment, only single SFP is used as it contains both transmitter and receiver side by side. However, in real application, two SFP will be used which located at CS and RAU each. Between RAU and CS, a 25km fiber optic has been used. In this experiment, the signal from the fiber optic is connected back to the transceiver in order to measure the baseband signal after certain length of fiber optic.

RoF uplink signal from CPE to CS at 2.5m of LOS has been successfully transmitted. From the experiment, it can be concluded that the LOS distance can be increased as the signal is still strong enough to be captured by the HDMI processor. Further testing and research need to be done to increase the quality and distance of transmission especially on CPE and RAU side.

8.3	Integration Uplink and Downlink System

RoF uplink and downlink system were integrated. The system were connected to 30Mbps speed internet connection and were tested using the commonly available internet speed test. Even though the throughput of system is capable of transmitting 1.25 Gbps, we were not able to obtain maximum capabilities using this setup. However, this setup is to prove that our RoF Full Duplex are working as per require and capable of transmitting and receiving data.
 

Table 1.0   Speed test result for the integration system.
	Latency
	Download Speed
	Upload Speed

	4 ms
	28.94 Mbps
	11.45 Mbps






Table 1.0 shows the speed test result for the RoF full duplex integration system. The latency of the system is 4ms. While the download and upload speed is 28.94 Mbps and 11.45 Mbps respectively. These numbers are relative values and to be compare with the direct connection of pc to server without RoF system.The latency is not the actual system latency value but it is and average respons time from pc to server through our system. 


8.4	Implementation of RoF WDM-PON System

Table 1.1 shows the specifications of TM RoF WDM PON system

	

	Frequency
	14-15GHz

	Max Output Power（dBm）
	128QAM 
	16

	Min Output Power（dBm）
	0

	Power Adjust Step（dB）
	1

	Rx Sensitivity@1E-6（dBm）
	28MHz
	128QAM
	-66

	IF Port
	50Ω，N-K；Maximum length of IF Cable between IDU&ODU:200 meters

	RSSI
	Output Power: 0~6V@Rx Sensitivity -60~-20dBm，0.1V/dB

	Frequency Stability
	±10ppm

	

	IP Throughput
	Max 500Mbps (ptp) ; 30Mbps (ptm)

	

	Wireless Distance
	≤500 meters (ptm)



	
	
	
	
	



We are able to showcase an integrated RoF using WDM into  PON, point-to-point and point-to-multi-point  system in TM. Using approximately 28MHz bandwidth with 128QAM modulation, the system is able to transmit maximum throughput of 500Mbps for point to point and about 30Mbps per user for point to multipoint system. The specification of TM RoF RAU/ODU is listed in Table 1.1. Other criteria need to be considered is frequency polar  orientation either horizontal, vertical or dual polar, which is very critical in point-to-multipoint system. Wireless distance and LOS were carefully plan, in order to obtain the optimum RoF performance.


9         Conclusion
In this paper, we have proven that the concept of RoF is feasible of delivering high data rate transmission and able to integrate seamlessly in the current network system with WDM method. 

The constructed mm-ROF system is able to achieve 1.25Gbps data rate transmission and capable of using real time Internet data rate of 30Mbps from TMR&D network. The bias value or specific components may vary depending on the distance and transmitting condition, however these values can be refered to as a guide to create a similar RoF system. 

With the implementation of low frequency RoF, we also proved that RoF can be deployed to existing GPON telecomunication network and integrated with WDM system to create point to multi ROF. The point to multipoint system is also able to transmit to 3 users per single RAU, and with this a single line of fiber link are able to support 24 users. With each user are supplied with 30 Mbps transmited which include triple play system of IPTV, VOIP and Internet. 

APT/ASTAP/REPT-19
This RoF-WDM PON technology is recommended as a complementary technology for fiber to the home. RoF-WDM PON technology is proven to support high speed broadband services. Thus, it is part of seamless access communication system application
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