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1. INTRODUCTION

The Great East Japan Earthquake on 11th March 2011 seriously damaged telecommunication systems in Japan, while the systems were indispensable to share and collect information for disaster recovery activities. Japanese telecom operators tried to use various types of transmission media, including communication satellites, to resume services quickly. R&D programs on telecommunication infrastructure resilient to such disasters have been started as a lesson from the Earthquake [1]. Optical fibers can provide high-speed transmission, while radio-wave communications can have agile deployment capability. Seamless integration of optical fiber based wired links and radio-wave (or free space optics) based wireless connections would be useful for highly resilient communication systems [2-5]. Simple modulation formats, such as on-off-keying (OOK), binary phase-shift-keying (BPSK), are commonly used in conventional optical transmission systems, because lightwave device technologies were not precise enough to transfer signals in advanced modulation formats such as quadrature-phase-shift-keying (QPSK), quadrature-amplitude-modulation (QAM), etc., which are commonly applied to radio-wave transmission. Recently, a lot of effort was focused on development of digital coherent optical communication technologies based on high-performance digital signal processing (DSP) and on vector optical modulation/demodulation [6]. On the other hand, we can generate and transfer radio-wave signals effectively by using radio over fiber (RoF) technologies. Combining these two items (digital coherent and RoF), we can obtain wideband millimeter-wave signals for over 10Gb/s ultra high-speed wireless transmission [7]. Such transmission technologies can also provide flexible operation of telecommunication services at ordinary times. For example, massive data transfer demands at temporary sites can be mitigated by RoF based wired and wireless seamless transmission. These RoF systems would be useful for high-speed transmission in metropolitan and/or rural areas for particular purposes as well as for disaster recovery in APT countries.
 
2. SCOPE

This report provides an outline of wired and wireless seamless connections using millimeter-wave RoF technologies for resilient access networks. 

3. ABBREVIATIONS AND ACRONYMS

ADC		Analog-to-digital converter
ASK		Amplitude shift keying
AWG		Arrayed waveguide grating
BER		Bit-error-rate
BPF		Band pass filter
BPSK		Binary phase shift keying
CIR		Circulator
CW		Continuous wave
DBM		Double balanced mixer
DEMUX	Demultiplexer
DP-QPSK	Dual-polarization quadrature-phase-shift-keying
DSP		Digital signal processing / Digital signal processor
EDFA		Er-doped fiber amplifier
E/O		Electric-to-optical
FE		Front-end
FEC		Forward error correction
FSO		Free space optics
GbE		Gigabit Ethernet
IF		Intermediate frequency
LNA		Low noise amplifier
LO		Local oscillator
MIMO		Multi-input-multi-output
MIX		Mixer
MMIC		Millimeter-wave integrated circuit
MP		Multiplier
MZM		Mach-Zehnder modulator
O/E		Optical-to-electric
OOK		On-off-keying
O/R		Optical-to-radio
PBC		Polarization beam combiner
PBS		Polarization beam splitter
PA		Power amplifier
PC		Polarization controller
PD		Photodetector
PDM		Polarization-division-multiplexed
PPG		Pulse pattern generator
PSK		Phase shift keying
QAM		Quadrature-amplitude-modulation
QPSK		Quadrature-phase-shift-keying
R/O		Radio-to-optical
RoF		Radio over fiber
Rx		Receiver
SMF		Single mode fiber
SNR		Signal-to-noise ratio
Tx		Transmitter
UTC-PD	Uni-travelling-carrier photodetector
WDM		Wavelength-domain-multiplexing
WWMC	Wireless-to-wired / wired-to-wireless media converter
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5. WIRED AND WIRELESS SEAMLESS CONNECTIONS USING RADIO OVER FIBER

Radio-wave wireless systems can provide agile deployment capability especially in particular locations such as mountains, valleys and rivers. Figure 5.1 shows a schematic concept of the wired and wireless seamless transmission, where wired-to-wireless / wireless-to-wired media converters (WWMCs) connect wired and wireless links. The wireless link can be used as a backup, when the wired link is broken through an optical fiber cut. However, bitrates would be lower than a few Gb/s in common radio-wave wireless systems, while optical fiber communication can offer over 100 Gb/s data transfer. Therefore, much higher bit-rate radio-wave transmission technologies are required to mitigate surge of traffic demands in particular cases including disaster recovery phases. Millimeter-wave radio transmission is more attractive for high-speed radio rather than microwave transmission, because wide frequency bands are available in high frequency region over 60GHz. In terms of atmospheric attenuation, the use of W-band (75–110 GHz) transmission appears to be suitable, as the attenuation within this band tends to be less than 1 dB/km. However, the attenuation increases largely under heavy rain conditions. Free space optic (FSO) links would be also useful as backup wireless links, when the visibility is larger than a few kilometers. FSO link performance would be degraded largely due to fog or smoke [2, 3]. To increase link connectivity and performance, we may use millimeter-wave/FSO hybrid links shown in Figure 5.2. 

[image: ]
Figure 5.1 Concept of wired and wireless seamless connection
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Figure 5.2 Wired and wireless seamless connection with radio and FSO links

This section provides configuration and requirements of high-speed data links consisting of seamless optical fiber and millimeter-wave connections. Electronic transceivers based on the recently developed high-speed, millimeter-wave integrated circuit (MMIC) technology represent one potential high-speed, high-frequency radio transceiver solution; however, these have increased energy consumption owing to their bandwidth and use of high frequencies. Furthermore, a function of the conversion between optical and radio signals, which involves not only modulation format conversion but also the addition of preambles in order to compensate for transmission impairments, is indispensable in a WWMC. Figure 5.3 shows a configuration of a wireless data link using DSP, connected to wired links. A WWMC comprises an optical-to-electric (O/E) converter, a digital signal processor (DSP), and a radio front-end (FE). The WWMC can act as an optical-to-radio (O/R) converter, while a radio-to-optical (R/O) converter also can be constructed by a radio FE, a DSP and an electric-to-optical (E/O) converter. DSP can convert binary data streams into radio-waves modulated by multi-level signal formats such as QAM, while simple binary modulation formats such as OOK are commonly used in conventional optical links. However, optical digital coherent technology which enables high-speed optical transmission with advanced modulation formats is recently developed to achieve high-spectral efficiency in optical domain, using high-performance DSPs. Figure 5.4 shows a configuration of a wireless data link with optical connections using advanced modulation formats. DSPs are necessary both for millimeter-wave and optical links if the links are composed of discrete optical and millimeter-wave systems. The combination of optical digital coherent and millimeter-wave transmission would be useful to construct the seamless connections. However, reduction of power consumption, latency and cost of DSPs would be an issue, because many WWMCs are required to cover large coverage or transfer long distances for millimeter-wave systems.
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Figure 5.3 Wireless data link connected to optical links
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Figure 5.4 Wireless data link connected to optical links with advanced modulation formats

RoF technology is a more promising solution for developing combined radio optical-fiber transmission networks. Figure 5.5 shows a schematic drawing of a coherent optical/radio seamless connection. Using a photonic direct up-conversion technique, RoF can directly convert optical signals to radio signals. A high-speed O/E converter in the WWMC acts as an optical-to-radio (O/R) converter, seamlessly converting high-speed optical signals from a RoF transmitter (Tx) directly into radio signals. On the other hand, the use of optical digital coherent detection techniques at the receiver (Rx) can completely compensate for transmission impairments such as media dispersion, eliminating the need to use a DSP altogether. As shown in Figure 5.5, the WWMCs would be very simple and low cost. By using wavelength-domain-multiplexing (WDM) in optical fiber transmission, many RoF signals can be sent by an optical fiber. However, spectral efficiency in optical domain would be low, because a high-frequency photonic local oscillator (LO) signal (W-band carrier for radio-wave link) should be added to each RoF signals regardless of bandwidths of baseband signals. The spectral efficiency can be increased by using intermediate frequency (IF) transmission, where a photonic LO signal is sent in a different WDM channel. LO signals can be generated from the photonic LO signal by O/E converters for LOs, shown in Figure 5.6. The signal frequency in E/O and O/E converters would be lower than in Figure 5.5, so that we can use optical devices designed for low frequency (< 50GHz) operation. The O/E converters would have frequency multiplication function in optical or electric domain. 
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Figure 5.5 Seamless optical and radio-wave connection
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Figure 5.6 Seamless optical and radio-wave connection using IF transmission

In a wired connection protection scenario as shown in Figure 5.1, during normal operation, called the “baseband operational mode,” the RoF Tx transmits a high-speed optical baseband signal to the RoF Rx over an optical fiber. It is anticipated that the total capacities of around 1 Tb/s or more will be needed in future metro area networks owing to the spread of 40/100 Gigabit Ethernet (GbE) implementation. In this situation, the RoF Tx would play a role as a conventional optical baseband Tx, where the photonic LO is disabled. If the optical link between the Tx and the Rx is broken through an optical fiber cut, the operational mode of the RoF Tx will change to the “RoF operation mode,” which is suitable for radio transmission. In the RoF operation mode, the RoF Tx generates an RoF signal consisting of a baseband signal for data modulation and an photonic LO signal for direct photonic upconversion. This generated RoF signal is then transmitted to the WWMC, which consists of a simple O/R converter such as a photodetecter. The WWMC converts the received radio signal to an optical signal without changing the signal format, and the optical signal is then transmitted. Thus, this WWMC represents an alternative link that can act as the protection link for a cut optical fiber. The use of high-speed radio together with optical fiber transmission will generate protection links for enhancing network resilience. However, the transmission capacity would be smaller than that of “baseband operation mode”, because the available frequency bands for the radio-wave connection are limited. The use of millimeter-wave signals is required for reduction of this capacity mismatch.

For “last mile” situation including quick deployment of broadband connection such as a temporal link to temporal stations at a disaster recovery and within an optical fiber dead zone, a radio Rx should be set at these stations with the “RoF operation mode” Tx. This radio Rx is comprised of a receiver antenna, a receiver FE including an analog-to-digital converter (ADC), and a DSP, as shown in Figure 5.7. High-speed wireless data transfer was recently demonstrated with this configuration as described sections 6.1 and 6.2.In the optical dead zone, an optical fiber may be deployed in future due to the demand of higher capacity connection. To prepare for this, the feature of both the “baseband operation mode” and the “RoF operation mode” should be implemented for the RoF Tx in advance. 


[image: ]
Figure 5.7 Seamless optical and radio-wave connection for mobile terminals


6.  EXAMPLES OF MILLIMETER-WAVE RADIO OVER FIBER (ROF) BASED TRANSMISSION

6.1 W-band 16QAM/QPSK transmission experiment [4]
High-speed signal transmission at the W-band (75–110 GHz) based on photonics technology has been demonstrated with advanced modulation formats such as QPSK and 16-ary QAM (16-QAM)  which are indispensable to optimize a spectral efficiency in the assigned radio band [4]. Figure 6.1.1 shows an experimental setup of a RoF Tx and a radio Rx. The Tx consisted of a two-tone optical signal source and an optical 16-QAM generator based on a dual-polarization quadrature-phase-shift-keying (DP-QPSK) modulator consisting of two QPSK modulators and a polarization beam combiner (PBC). A QPSK signal can be also generated by shutting of one of the QPSK modulators in the DP-QPSK modulator. The frequency separation between the two tones was 92.5 GHz. The two-tone signal was split by an optical arrayed waveguide grating (AWG) through an Er-doped fiber amplifier (EDFA). The upper frequency component was used as the optical reference signal of the RoF signal for the direct optical up-conversion. The lower frequency was used by the DP-QPSK modulator that is connected to four channels of a 10 Gb/s pulse pattern generator (PPG). A polarization coherent synthesis method was used for the 16-QAM, where two optical QPSK signals were combined within a polarizer that is placed behind the modulator. The reference signal and the generated 16-QAM signal, combined by a 3-dB optical coupler, were fed to a uni-traveling carrier photodiode (UTC-PD) working as a photomixer. A W-band horn antenna with an antenna gain of approximately 20 dBi would, when directly connected to the UTC-PD, transmit a W-band 16-QAM signal whose central frequency should be equal to that of the frequency separation of the two-tone signal. The RoF signal consisting of the reference and the 16-QAM signal can be also used for digital baseband transmission. When the signal is fed to a photodetector with a bandwidth that is less than the W-band frequency, an optical coherent receiver acts as a baseband optical receiver. 

[image: setup]
Fig. 6.1.1 16QAM/QPSK transmission setup

A combination of a W-band heterodyne and digital frequency down-conversion with IQ separation was used at the receiver side. The received signal was down-converted to an intermediate frequency (IF) signal by the broadband W-band mixer. The IF band extended from 0 to 35 GHz when the W-band signal bandwidth increased from 75 to 110 GHz. Thus, the received IF signal was centered at 17.5 GHz, with a bandwidth of 20 GHz. Amplified IF signals were observed using a real-time digital oscilloscope with a bandwidth of 30 GHz and a sampling rate of 80 GSa/s. For phase detection, the digitized and carrier-recovered signal was multiplied with a complex sinusoidal signal, so that in-phase (I) and quadrature phase (Q) components could be separated. Processing schemes such as frequency domain equalization and symbol decision can be applied for both the I and Q components in the same manner as an optical digital coherent detection technique. 

[image: spe]
Fig. 6.1.2  (a) Optical spectrum of RoF signal and (b) Received IF signal spectrum.

The optical spectrum measured at the UTC-PD input is shown in Figure 6.1.2 (a). The optical reference component at a wavelength of 1551.9 nm and the 10-Gbaud modulated signals at a wavelength of around 1552.7 nm were clearly observed with a marked separation of approximately 0.8 nm, which corresponds to an optical frequency of 92.5 GHz. The IF electric spectrum was obtained by performing a fast Fourier transformation of the temporal IF signal detected by the oscilloscope. As shown in Figure 6.1.2 (b), the observed main lobe of the 10-Gbaud modulated signal centered at 17.5 GHz had some parasitic peaks, which originated from the noise caused by the oscilloscope. The periodic structure in the main lobe is attributed to the interference between the transmitted wireless signals between the antennas. Although the optical signal-to-noise ratio (SNR) was greater than 30 dB, the electrical SNR was less than 20 dB. The constellation diagrams observed using the optical coherent receiver and the digital wireless receiver are shown in Figure 6.1.3. For an optical signal, the bit error rate (BER) was measured to be 4.22 ×10-4. The BERs of the transmitted wireless signals are shown in Figure 6.1.4. For the QPSK signal, the observed BERs were much less than the forward error correction (FEC) limit of 2 × 10-3, with the clear constellation shown in the inset of the figure. In the case of the 16-QAM, the BER was calculated to be 1.90 × 10-3 when the radio power of the output port of the UTC-PD was -8 dBm. 

[image: const]

Fig. 6.1.3 Constellation maps obtained by (a) optical digital coherent detector and (b) W-band receiver.


[image: ber]

Fig. 6.1.4  BERs of QPSK and 16-QAM radio-wave transmission.

6.2 W-band PDM-QPSK-MIMO transmission experiment [5]
To increase a transmission capacity, optimization of the spectral efficiency is required. One of the promising candidates is enhancement of the degree of the multi-level modulation, that is, the modulation format would be enhanced from QPSK to 16-QAM, 64-QAM, and so on. However, the required resolution of a digital-to-analogue converter set at the transmitter side and an analogue-to-digital converter, which is located at the receiver, would become higher. Thus, increase the degree of the multi-levels is difficult because of its electrical device issue. Another possible solution is a space-division-multiplexing technique, so-called a multi-input-multi-output (MIMO) technique. The spectral efficiency in the space is increased easily as the number of the antenna pair increases, and thus, total capacity of the MIMO link will increase. Moreover, diversity effect under multi-antenna configuration can enhance an effective SNR. 

Figure 6.1.5 shows the experimental setup for seamless conversion and transmission between a polarization-division-multiplexed (PDM) optical signal and a millimeter-wave MIMO radio signal. The RoF signal, with its optical power of 8 dBm amplified by the EDFA, was transmitted over a 20-km standard single mode fiber (SMF). At the WWMC, the received RoF signal was introduced into a polarization-diversity O/E converter, which comprised two O/E converters followed by a polarization beam splitter (PBS), to split the x-axis- and y-axis-aligned polarization components. The W-band signals were radiated from 24-dBi-gain pyramidal horn antennas directly connected to the UTC-PDs for each optical polarization component, independently. A power amplifier (PA) set between the UTC-PD and antenna was also used for evaluating the transmission distance extension. The distance between these Tx antennas was 5 cm. The radio signals were received through free space at an Rx located at a distance of 0.9 m without the PA and 2.3 m with the PA. The separation between the Rx antennas, whose gain was the same as the Tx antenna gain, was also set at 5 cm because the 3-dB overlap area of the signals from the Tx antennas was estimated to be 7.6 cmΦ at the Rx antenna facet under the 0.9-m transmission distance condition. At the Rx, the received signals were down-converted by a W-band double-balanced mixer (DBM) connected to an electrical LO operated at a frequency of 75 GHz without the PA, which was optimized for 20-Gbaud operation, and 77.5 GHz with the PA, respectively. The regenerated IF signals amplified by an IF amplifier were acquired by a real-time digital oscilloscope whose sampling rate and bandwidth were 80 GSa/s and 30 GHz, respectively, and which worked as an ADC. The digitized signals for the two-channel received components were down-converted to the baseband in the DSP and were then demultiplexed to each polarization component in a similar manner as in the off-line optical digital coherent technique. The demodulated constellation diagrams and BER curves are shown in Figure 6.1.6. For a 10-Gbaud signal, clear separations of the QPSK symbols are shown. It should be noted that the output radio power of each UTC-PD was approximately -11 dBm, corresponding to the optical power launched into the BS of -4 dBm. This indicates that the total output power of radio signals was approximately -8 dBm–the sum of the powers of the two antennas. The square bundled symbol constellation for the 20-Gbaud signal and the difference between the slopes of the BER curves for 10 Gbaud and 20 Gbaud can be caused by the bandwidth issue of the ADC described above and the bandwidth of the W-band components such as the DBM. Degradation can be reduced by the development of high-speed and broad-bandwidth ADCs and DBMs. The observed BERs for both 10 and 20 Gbaud transmission were within the 7% FEC limit of the BER of 2 × 10-3: the resultant bit rates for 10 and 20 Gbaud were 37.2 and 74.4 Gb/s, respectively.


[image: C:\Users\ogawa\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.Outlook\2J2LIDMW\20Gbaud_DP-QPSK-RoF.png]

Fig. 6.1.5  Experimental setup for 20-Gbaud PDM-QPSK – 2x2 MIMO seamless transmission over optical fiber and air.

[image: ber]
Fig. 6.1.6  (a) observed bit error rates and corresponding constellation maps for (b) 10-Gbaud and (c) 20-Gbaud.




7. EXAMPLE OF W-BAND WIRED-TO-WIRELESS / WIRELESS-TO-WIRED MEDIA CONVERTER (WWMC)

Mobility, maneuverability and robustness of W-band transceiver are demanded to meet the requirement of resilient access systems, as shown in section 5. Table 7.1 summarizes system specifications of W-band transceiver. These parameters are achieved using GaAs and GaN monolithic integrated circuits, high gain antenna, broadband mixer, demultiplexer and optical components.  

Table 7.1 System specifications
	Frequency Range
	W-band

	Center Frequency
	96 GHz

	Transmitting radiation power
	20 dBm

	E.I.R.P.
	6.6 W

	Transmission data rate
	10 Gbps

	Transmission distance between Tx and Rx
	1 km

	Modulation format
	ASK , PSK, etc.

	Transceiver size
	450 x 160 x 180 mm

	Transceiver weight
	< 10 kg

	Interface with wired network
	Radio over Fiber

	Transmission distance between WWMC and central station
	20 km




[image: ]
(a) Transmitter

[image: ]
(b) Receiver
Fig. 7.1 Block diagram of W-band WWMC.

Figure 7.1 shows a block diagram of W-band WWMCs which are connected to a central station through two WDM channels (1 and ). The transmitter consists of a demultiplxer (DEMUX), two O/E converters, and RF components including a directional antenna, a bandpass filter (BPF), a power amplifier (PA) and a mixer (MIX). The DEMUX optically discriminate an LO signal in 1 and an IF signal in . The multiplier (MP) which is connected between the O/E converter and MIX doubles, triples or quadruples the detected frequencies. The IF signals are up-converted by a broadband MIX to W-band signals. The LO signal of the receiver is also supplied from the central station through an optical fiber. It is also multiplied by a MP and then supplied to a mixer to down-convert the received W-band signals to IF signals. The IF signals are then converted to optical carrier and transmitted to the central station through an optical fiber cable. Figure 7.2 shows an external view of W-band transceiver.

A compact W-band WWMC which does not have baseband signal processing unit reduces power consumption and latency of the total system. The W-band WWMC will successfully introduce the high mobility and robustness function to the resilient access network.

[image: D:\APT\ASTAP\23rdASTAP\SACS-EG\Contribution\W-Band transceiver.JPG]
Figure 7.2 External view of W-band transceiver

8. CONSIDERATION OF RF / WIDEBAND IF SIGNAL OVER FIBER

Two types of configurations are considered: 1) RF signal over fiber where radio waveforms in millimeter-wave bands are transmitted over optical fibers, and radio waves for transmission are directly generated by high-speed PDs, and 2) Wideband IF signal over fiber where waveforms of microwave IF signals for millimeter-wave generation by frequency conversion at WWMCs are transmitted over fibers and radio waves for transmission are generated by a frequency up-convertor (MIX). As indicated in section 6, the RF signal over fiber can provide compact and low cost WWMCs by the use of the current optical components. However, the spectrum efficiency in optical domain becomes low because the optical bandwidth corresponding to millimeter-wave frequency is required to transmit millimeter signals to one WWMC, as discussed in section 5. On the other hand, in wideband IF signal over fiber, the RoF link transmits IF signals together with the LO whose frequency will be converted up to millimeter-wave frequency at WWMCs. The spectrum efficiency in optical domain is dramatically improved, as shown in section 7. The following table summarizes a comparison between the direct and indirect millimeter-wave transmissions for guidance.





[bookmark: _GoBack]Table 8.1 Comparison between RF signal over fiber and Wideband IF signal over fiber


	Items
	RF signal over fiber
	Wideband IF signal over fiber

	Spectrum efficiency in optical domain
	Worse
	Better

	Millimeter-wave generation
	Optical components
	MMIC devices

	Link gain
	Low
	High

	 WWMC
	Compactness
	Better
	Moderate

	
	Power consumption
	Good
	Moderate

	
	Technical feasibility
	Moderate
	High

	
	Economic feasibility
	High
	Moderate

	Applicability
	Low
	Moderate




9. CONCLUSIONS

The basic concept of wired and wireless seamless connections for resilient access networks using RoF technologies, some examples of millimeter-wave RoF based transmission links and W-band WWMC have been introduced for APT member countries. Combination of DSP and RoF can provides high-speed wireless links which are useful for backups of optical fiber connections. RoF links can transmit radio waveforms in millimeter-wave bands (RF signal over fiber) or waveforms of microwave IF signals (Wideband IF signal over fiber), to generate millimeter-wave signals wirelessly. RF signal over fiber can provide compact and low-cost WWMCs, while IF signal over fiber can enhance spectral efficiency in optical domain.
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