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Abstract: Enabling technologies for optical wireless broadband access networks have been
explored and developed with respect to optical components, modules, transmission
systems, and networks. In this paper, we review the most significant accomplishments
reported during 2010 with emphasis on radio-over-fiber (RoF) technology that is critical for
the deployment of optical wireless broadband access networks in the near future.

Index Terms: Microwave photonics, fiber optics systems, optical communications,
integrated photonic systems.

Optical wireless broadband access networks have attracted much attention from both the
academic and industrial communities, resulting in much peer-reviewed literature published during
2010, which reported innovations and accomplishments in the areas of components, modules,
transmission systems, and networks. It has been known that high capacity wired access networks
based on fiber-to-the-home (FTTH) technology have been successfully deployed in many countries.
In the near future, optical wireless broadband access networks will be integrated into the FTTH
infrastructure to cover a dedicated space or a whole metropolitan city.

Optical wireless broadband access networks can be divided into two categories in terms of radio
frequency (RF) carriers: 10 GHz and less (i.e., microwaves) and millimeter-waves. For the RF
carriers of 10 GHz and less, optical wireless broadband access networks are mainly used to
support current wireless signal distribution, such as for second-, third, and fourth-generation, and
Wi-Fi, as well as future ultra wideband (UWB) and cognitive radio systems. Optical wireless
broadband access networks with millimeter-wave carriers are mainly used for the realization of
high-capacity wireless signal coverage for some dedicated places and environments, such as
hospitals, office buildings, and airports. Such millimeter-wave optical wireless technologies are also
being considered as one of the back-haul base-station connection technologies of emerging
broadband wireless services. Although millimeter-wave optical wireless platforms have been
studied and developed for many years, some dedicated component, system, and networking
technologies have yet to be considered mature and should be further developed so that the dis-
tribution of millimeter-wave wireless signals can be realized in a cost-effective manner. The optical
wireless broadband access networks may also be used to support wireless sensor networks,
including radar and imaging applications. The distribution of wireless signals through optical
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wireless broadband access networks can be classified into radio over fiber (RoF), intermediate
frequency (IF) over fiber, and baseband over fiber or digitized RF over fiber, and among them, the
RoF technology has been considered to be the most promising compared with the others. There-
fore, we only highlight the accomplishments of enabling technologies related to the developments
and innovations of the RoF technology during 2010.

For the breakthroughs and innovations in lasers and photonic sources that are used for the RoF
systems, a feedforward linearized laser was proposed to improve modulation linearity [1]. Optically
injection-locked vertical-cavity surface-emitting lasers (VCSELs) or distributed feedback (DFB)
lasers were also investigated with regard to having a broad modulation bandwidth that can be used
for 60-GHz millimeter-wave over fiber systems [2], [3]. Additionally, a reflective semiconductor
optical amplifier (SOA) located at a base station was proposed to replace a laser for an uplink [4]. Due
to limited modulation bandwidth of the reflective SOAs, this technique can be used only for uplinks
with the RF carrier frequencies of less than 3 GHz. Alternatively, a saturated SOA can be used at a
base station to obtain a quasi-continuous-wave light for an uplink [5]. Two lasers with orthogonally
polarized lights, i.e., one for downlink and the other for uplink, are located at central stations, and
thus, no lasers are required at base stations or remote antenna sites [6]. Moreover, it was found that a
broadband optical source combined with a Mach–Zehnder interferometer could be used to obtain
multichannel light sources for wavelength division multiplexing (WDM) RoF systems [7].

Significant accomplishments in optical modulators for optical wireless broadband access net-
works have been made. We have proposed a mixed-polarization linearized Mach–Zehnder modu-
lator (MZM) that leads to a more than 10-dB improvement of spur-free dynamic range (SFDR) [8].
Later, this technique was extended to linearize a polarization-dependent electro-absorption modu-
lator (EAM), and a �10-dB SFDR improvement was achieved [9]. Instead of using a single MZM, a
dual-parallel MZM can be used to improve modulation linearity [10]. We have also proposed and
investigated a low-cost predistortion circuit to linearize optical modulators [11]. Fig. 1 shows the
circuit layout and measured photodetected RF power of the RF carrier and third-order inter-
modulation distortion after 20 km of fiber transmission with and without using such a predistortion
circuit before an EAM. It was shown that an 11-dB improvement of SFDR was achieved. This circuit

Fig. 1. (a) Predistortion circuit layout and (b) measured RF power of RF carrier and third-order
intermodulation distortion (top two lines: RF carrier power; bottom two lines: third-order intermodulation
nonlinear distortion power).
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can also be used for the linearization of a direct-modulation laser diode, an MZM, or a phase
modulator, which will fully be reported later. More importantly, such a predistortion circuit can easily
be designed for the broadband operation and, thus, can be used to linearize millimeter-wave over
fiber systems. An alternative technique for linearizing optical modulators and thus RoF systems was
also studied, which is based on optical phase modulation in the transmitter and remodulation and
optical filtering in the receiver with coherent detection [12].

For microwave photonics including RoF technology, broadband and high-power photodiodes are
required. Use of two cascaded photodiodes leads to 91-GHz bandwidth and 18-dBm RF power [13],
and a single photodiode was reported to generate an RF power of 29 dBm at 5 GHz [14]. A high-
linearity four-photodiodes array integrated with a power combiner was demonstrated to have an RF
power of 8 dBm at 20 GHz [15]. An RF power of 0.7 dBm has been achieved at 60 GHz using a
single InP photodiode [16]. A broadband InP photomixer integrated with millimeter-wave antenna
was fabricated and generates an RF power of 4.5 dBm at 110 GHz [17]. Instead of using a
broadband photodiode for millimeter-wave over fiber systems, a omplementary metal–oxide–
semiconductor (CMOS) avalanche photodiode was demonstrated to directly up-convert an IF
wireless signal to 60-GHz millimeter-wave signal at base stations, where the CMOS avalanche
photodiode was used for both photodetection and harmonic mixing [18].

To develop low-cost millimeter-wave broadband RoF systems, efficient and innovative interfaces
between wireless and photonic signals such as optical modulators and photodetectors should be
made. Novel optical modulators based on Calcium Barium Niobate materials that provide electro-
optical coefficients that are roughly three times higher than LiNBO3 were studied for very low-driving
voltage applications [19]. In addition, a class of emerging optical modulators and photodetectors
that make use of a substrate integrated waveguide (SIW) was proposed and demonstrated rather
than conventional microstrip and coplanar waveguide (CPW) transverse eletromagnetic mode
(TEM-mode) traveling-wave electrodes. In this way, millimeter-wave signals can be transmitted and
processed with low-loss and self-packaging features with non-TEM mode propagation [20], [21].

For millimeter-wave based optical wireless broadband access networks, photonic frequency up-
and down-conversion have been considered as a new low-cost technique. It was found that an
EAM can be used for simultaneous frequency up- or down-conversion and optical subcarrier
modulation [22], [23], resulting in a low-cost base station. The frequency down-conversion from
�30 GHz to �4 GHz and optical subcarrier modulation using an EAM were validated using
multiband orthogonal frequency division multiplexing (OFDM) UWB over 20 km of single-mode
fiber, and an error vector magnitude (EVM) of less than �21 dB was obtained. An optical phase
modulator or an MZM can also be used for the photonic generation of millimeter waves [24]–[28].
Using frequency quadrupling with an MZM, millimeter waves were optically generated with
frequency hopping multiband OFDM UWB signals as optical subcarriers, and an EVM of less than
�21 dB after 20 km of fiber was achieved [25]. Using frequency doubling in an optical phase
modulator, a 60-GHz millimeter-wave signal was successfully distributed over 10 km of fiber,
together with microwave signal at 15 GHz and baseband signal, all at 2.5 Gb/s [27]. In addition, the
use of two cascaded EAMs, an SOA, or highly nonlinear fiber was investigated for the generation of
millimeter-waves [29]–[31]. It was shown that two cascaded EAMs may be efficient for frequency
up-conversion if the two EAMs are carefully designed, which is considered a promising technique
since the two EAMs can be integrated in one chip [29]. A full-duplex 62-GHz millimeter-wave over
25-km fiber transmission system was verified, where an arrayed waveguide grating and an SOA
were used for frequency up-conversion and wavelength reuse [30]. Frequency up-conversion was
also obtained using four wave mixing in highly nonlinear fiber, and validated for �30 GHz
millimeter-wave transmission over 25-km fiber at 2.5 Gb/s [31].

During 2010, a series of novel enabling techniques for microwave or/and millimeter-wave over
fiber transmission systems have been investigated and demonstrated. We investigated optical
subcarrier modulation using a low-cost EAM integrated laser for frequency hopping multiband
OFDM UWB over fiber systems, showing that the system performance is limited by the EAM
modulation nonlinearity induced nonlinear distortion [32], and is worse than that by the use of an
MZM [33]. Therefore, maximum RF modulation power to drive an EAM is limited, resulting in low
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dynamic range of RoF systems. However, using the predistortion, mixed-polarization linearization,
or other linearization techniques, the impact of EAM modulation nonlinearities was significantly
reduced [9], [11], [12]. Transmission of millimeter-wave multiband OFDM UWB signals over fiber
was also investigated using photonic frequency up- and down-conversion [22], [24], [25], as
mentioned above. Transmission of both millimeter-wave wireless and baseband wired signals was
validated with colorless WDM [27], [34], [35], showing that the future broadband wireless access
can be incorporated into the FTTH infrastructure. A new WDM-RoF access network architecture
supporting simultaneous transmission of 1.25 Gb/s wired and 63-GHz wireless signals was
demonstrated using a reflective SOA [34]. Similarly, a 40-GHz millimeter-wave over 125-km fiber
using four-wave mixing in an SOA for frequency up-conversion and a wired transmission, both at
2.5 Gb/s in WDM-passive optical network (PON), was demonstrated [35]. An exciting demonstration
was 300 GHz wireless transmission at 12.5 Gb/s based on RoF technology [36]. For very short-reach
access, wireless over multimode or plastic fiber has also been found very promising to leverage the
future broadband access networks [37]–[39]. Furthermore, It was demonstrated that RoF systems
support future wireless multiple-input–multiple-output (MIMO) signals [40], [41]. Simultaneous
transmission of multiservice MIMO wireless signals over in-building fiber to antennas for current
wireless signals was evaluated [41].

Dynamic capacity allocation algorithms must be solved for RoF systems before their com-
mercialization. A medium-transparent medium access control (MAC) was proposed and demon-
strated in 60-GHz millimeter-wave over fiber networks and can be used for RoF over bus and RoF
over PONwith Poisson and burst-mode traffics [42]. Moreover, integrated Ethernet PON andWiMAX
over fiber was investigated [43], showing that centralized scheduling is preferred for both Ethernet
PON andWiMAX. Otherwise, fiber transmission of WiMAX is limited in fiber length. WiMAX over fiber
distribution was validated in a field trial for 300-km/h high-speed train systems [44], indicating that
fiber length is limited by time division duplex protocol of the current WiMAX standard. Dynamics
using both 1-D (optical routing) and 2-D (optical routing and electrical subcarrier multiplexing) were
demonstrated for wireless over multimode fiber systems [39]. Instead of using Internet protocol (IP)
layer solution for multicasting services, a dynamic wavelength router was proposed and
demonstrated to support multicasting, peer-to-peer, and dynamic capacity allocation [45], [46].
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