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Abstract—Hybrid fiber-wireless networks incorporating WDM
technology for fixed wireless access operating in the sub-mil-
limeter-wave and millimeter-wave (mm-wave) frequency regions
are being actively pursued to provide untethered connectivity for
ultrahigh bandwidth communications. The architecture of such
radio networks requires a large number of antenna base-stations
with high throughput to be deployed to maximize the geographical
coverage with the main switching and routing functionalities
located in a centralized location. The transportation of mm-wave
wireless signals within the hybrid network is subject to several
impairments including low opto-electronic conversion efficiency,
fiber chromatic dispersion and also degradation due to nonlin-
earities along the link. One of the major technical challenges in
implementing such networks lies in the mitigation of these various
optical impairments that the wireless signals experience within the
hybrid network. In this paper, we present an overview of different
techniques to optically transport mm-wave wireless signals and
to overcome impairments associated with the transport of the
wireless signals. We also review the different designs of subsystems
for integrating fiber-wireless technology onto existing optical
infrastructure.

Index Terms—Fiber-wireless, microwave photonics, op-
tical-wireless integration, radio-over-fiber.

I. INTRODUCTION

T HE explosive growth of global mobile and wireless
access technology in recent years has been fuelled by

the maturing and more reliable digital and RF circuit fabrica-
tion and miniaturization technologies for producing smaller
portable wireless devices [1]. It is envisaged that the growth of
the mobile and wireless community will continue at an even
greater pace in the next decade. Currently available wireless
services and standards such as Wi-Fi, GSM, UMTS are con-
centrated in the lower microwave band. New emerging wireless
standards such as WiMAX and LTE will further enhance ex-
isting wireless transmission speeds and throughputs; however,
they still operate within the lower microwave regions (2–4
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Fig. 1. Millimeter-wave fiber-wireless network.

GHz). This places a heavy burden on the already congested
wireless spectrum in the microwave region. This is also the
fundamental driver that has led to new wireless technologies
which can exploit the large unused bandwidths of sub-mil-
limeter or millimeter-wave (mm-wave) frequency regions for
the provision of future broadband wireless services. One partic-
ular band of interest is the unlicensed 60 GHz frequency band
(57–64 GHz) which is targeted towards short range in-building
high-speed applications, has gained significant popularity in
the last few years [2]. With the inherent high propagation loss
characteristics of wireless signals at these frequencies, pico-
or microcellular architectures are essential to provide efficient
geographical coverage which necessitates a large deployment
of antenna base-stations (BSs). With the dramatic increase
of the throughput of each BS in such systems, the use of an
optical fiber backbone is required to provide broadband inter-
connections between the central office (CO) and all the antenna
BSs. This leads to the integration of the optical and wireless
broadband infrastructures via a common backhaul network
that in turn offers significant advantages while supporting
both wired and wireless connectivity. In this hybrid network
layout, significant reduction of the antenna BS complexity can
be achieved by moving the routing, switching and processing
functionalities to the CO. This strategy also enables the cost
and equipment to be shared among all the antenna BSs.

Although the optical-wireless integration is able to simplify
the backhaul infrastructure and offers significant benefits to fu-
ture service providers, the implementation of the hybrid fiber-
wireless network is not straightforward and issues regarding
wireless signal transport, signal impairments, spectrum alloca-
tion, performance optimization and integration with existing in-
frastructure have to be considered. This paper will provide an
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Fig. 2. Wireless signal transport schemes: (a) RF-over-fiber, (b) IF-over-fiber, (c) Baseband-over-fiber.

overview of the progress made in the last two decades in fiber-
wireless technology focusing on the various schemes and strate-
gies to tackle the key challenges.

This paper is organized as follows: Section II describes
the various optical transport schemes for wireless signals and
Section III investigates the impairments the wireless signals
experience while propagating over the optical link and the
corresponding strategies to overcome these impairments.
Section IV focuses on the subsystem and interface designs
for WDM-based mm-wave fiber-wireless networks while
Section V provides an overview of fiber-wireless application
in a heterogeneous access network. Finally, conclusions are
presented in Section VI.

II. OPTICAL TRANSPORT SCHEMES FOR WIRELESS SIGNALS

Millimeter-wave (mm-wave) fiber-wireless systems have the
advantage of being able to exploit the large unused bandwidth in
the wireless spectrum as well as the inherent large bandwidth of
the optical fiber. Such a hybrid architecture can potentially pro-
vide high data rates and throughput with minimal time delay.
The generic architecture of a mm-wave fiber-wireless architec-
ture is shown in Fig. 1. The conceptual infrastructure comprises
a CO which is connected to a large number of antenna BSs via
an optical fiber network. Much research has been carried out
on the development and exploitation of optically-fed mm-wave
wireless technologies with earlier work focusing on fiber link
configurations for wireless signal distributions [3]–[6]. In gen-
eral, there are three possible methods to transport the mm-wave
wireless signals over the optical link as shown graphically in

Fig. 2: RF-over-fiber, IF-over-fiber, and Baseband-over-fiber.
The choice of the optical transport scheme will also determine
the hardware requirements in the CO and antenna BS.

A. RF-Over-Fiber

The simplest scheme for transporting mm-wave wireless sig-
nals via an optical fiber feed network is to directly transport the
mm-wave wireless signals over fiber (RF-over-fiber) without
any need for frequency translation at the remote BS as shown
in Fig. 2. In this configuration, the mm-wave wireless signal is
externally modulated onto the optical carrier resulting in an op-
tical double sideband (ODSB) signal as illustrated in Fig. 2. The
two sidebands are located at the wireless carrier frequency away
from the optical carrier. Upon detection at the BS, the mm-wave
wireless signal can be recovered via direct detection using a
high-speed photodetector. RF-over-fiber transport has the ad-
vantage of realizing simple base-station designs with additional
benefits of centralized control, independence of the air-inter-
face and also enabling multiwireless band operation. However
one of its major drawbacks is the requirement for high-speed
optical modulation techniques that have the ability to generate
mm-wave modulated optical signals and also high-speed pho-
todetection schemes that directly convert the modulated optical
signals back to mm-wave signals in the RF domain. Another key
issue is the significant effect of fiber chromatic dispersion on the
detected mm-wave wireless signals [7]–[9].

B. IF-Over-Fiber

In contrast to the transmission of mm-wave wireless signals
over fiber, the wireless signals can be downconverted to a lower
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intermediate frequency (IF) at the CO before optical transmis-
sion. The effects of fiber chromatic dispersion on the optical
distribution of IF signals are reduced significantly. In addition,
IF-over-fiber transport scheme has the advantage of using low-
speed optoelectronic devices. The complexity of the antenna
BS hardware however, increases with IF signal transport for
mm-wave wireless access systems. It will now require a stable
mm-wave local oscillator (LO) and high-speed mixers for the
frequency translation processes in the BS as illustrated in Fig. 2.
This may also present a limitation when considering the ability
to upgrade or reconfigure the wireless network for the inclusion
of additional mm-wave wireless channels or alterations to the
wireless frequency. The subsequent requirement for a mm-wave
LO at the antenna BS can be overcome by remotely delivering
the LO signal optically from the CO [10]. This also enables cen-
tralized control of the LO signals themselves.

C. Baseband-Over-Fiber

As shown in Fig. 2, the third transport scheme transports the
wireless signal as a baseband signal over fiber, and then upcon-
verts the information to the required mm-wave radio frequency
at the antenna BS. This scheme has the advantage of using ma-
ture digital and electronic circuitry for signal processing at the
BS. In addition, it also enables low-speed optoelectronic devices
to be used within the BS. As with IF-over-fiber, the effects of
fiber chromatic dispersion are also greatly reduced. Furthermore
remote delivery of a mm-wave LO signal from the CO can over-
come the need of a physical LO in the BS. This transport scheme
is dependent on the air-interface which means that the BS must
have the intelligence to thoroughly process the wireless signals
before sending the baseband information back to the CO. Hence,
it necessitates the housing of additional hardware within the BS
to perform these tasks which increases the complexity of the BS
drastically. With the recent advancements in CMOS technology,
high-frequency radio-on-chip has been demonstrated [11], [12].
Also, the emergence of silicon photonic technology may enable
the future low-cost integration of optoelectronic and electronic
devices in order to achieve a cost-effective, compact transceiver
module within the antenna BS [13].

D. Discussion

Comparing the three transport schemes, ultimately there is
a trade-off between the complexity in the RF electronic and the
optoelectronic interfaces within the base-station. One of the key
challenges in implementing mm-wave fiber-wireless access sys-
tems is to efficiently distribute the wireless signals while main-
taining a functionally simple and compact BS design. Amongst
the schemes, RF-over-fiber transport scheme has the potential
to simplify the BS design for mm-wave fiber-wireless systems.
Having said this, the signals are susceptible to a number of im-
pairments along the link that may degrade the overall system
performance. This will be discussed in the next section.

III. OPTICAL IMPAIRMENTS AND STRATEGIES TO OVERCOME

IMPAIRMENTS IN MM-WAVE FIBER-WIRELESS LINKS

Fig. 3 illustrates the various impairments that the optically
modulated mm-wave signal experiences as it propagates along
the optical fiber. Within a simple point-to-point link connecting

an antenna BS and a CO, the received mm-wave wireless sig-
nals must undergo electrical-to-optical (E/O) conversion typi-
cally via external modulation using an electro-optic modulator
in conjunction with an optical carrier. Due to the nonlinear char-
acteristics of the modulator, the mm-wave wireless signals are
typically weakly modulated onto the optical carrier, resulting in
a very low modulation efficiency. In addition the external mod-
ulator nonlinear characteristics generate intermodulation prod-
ucts which contribute to the overall signal degradation. Once the
mm-wave radio signals are modulated onto the optical carrier,
the optical signal will be transported over the optical fiber link
to the central office. The optical distribution of the mm-wave
radio signals is subjected to the effects of fiber chromatic disper-
sion that will severely limit the overall transmission distance [8],
[9]. In addition, the optical spectral usage for the distribution of
the mm-wave radio signal is highly inefficient, considering that
the amount of useful information that is being transported (
Gb/s) is only a fraction of the occupied spectrum ( GHz). In
a long-reach scenario, the optical signal may experience signal
degradation due to fiber nonlinearities if the optical signal power
is optically amplified to overcome link losses and the amplified
optical power is large enough to trigger fiber nonlinearity ef-
fects. Another impairment that the signals may experience in a
long-reach environment is phase decorrelation between the op-
tical carrier and the wireless signals which may introduce an
addition penalty [14]. Upon reception at the receiver, the op-
tical signal undergoes an optical-to-electrical (O/E) conversion
in a photodiode. The photodiode is also a non-linear device and
is governed by the square-law process. The detection process
will further introduce distortions into the system. Therefore, it
is of great importance that these various impairments that the
signals experience along the link be mitigated to improve the
signal quality and the overall performance of the mm-wave hy-
brid fiber-wireless link. In this section, we review the different
mitigation strategies and techniques to overcome some of the
impairments.

A. Impact of Fiber Chromatic Dispersion on Optically
Modulated Millimeter-Wave Signals

When the mm-wave wireless signals are intensity modu-
lated onto an optical carrier, it will result in a double-side-
band-with-carrier (ODSB) modulation format where the
sidebands are located at the mm-wave frequency on either side
of the optical carrier. Hence, when the mm-wave modulated
optical signal propagates along a dispersive fiber, the two side-
bands will experience different amount of phase shift relative
to the optical carrier. Upon detection at the photodetector,
the square-law process generates two beat components at the
desired mm-wave frequency. The received RF power of the
mm-wave signal varies depending on the relative phase differ-
ence between the two beat components. The RF power variation
is dependent on the fiber dispersion parameter, the transmission
distance and also the mm-wave frequency as governed by the
following equation [8]:

mm (1)
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Fig. 3. Optical impairments in mm-wave fiber-wireless links.

Fig. 4. (a) Measured and calculated normalized received RF power for ODSB
and�������modulation as a function of modulation frequency for� � 	


km (b) as a function of fiber transmission length for modulation frequencies at
12 GHz, 37 GHz and 60 GHz.

where D represents the fiber dispersion parameter in ps/nm/km,
c is the velocity of light in a vacuum, L is the fiber transmission
length, mm represents the mm-wave modulating frequency and

is the optical carrier center frequency. To quantify the severity
of the penalty, shown in Fig. 4(a) is the measured and calculated
normalized received RF power using (1) as a function of mod-
ulating frequency for transmission over 80 km of single-mode

Fig. 5. (a)������ signal generation using narrowband filter, (b)������
signal generation using DEMZM, (c) Optical carrier suppression signal gener-
ation.

fiber. Normalized RF power is defined as the ratio of detected
RF power at 80 km of fiber to the RF power calculated at 0 km
of fiber. From the results it can be seen that the RF power varies
in a periodic manner with complete power suppression occur-
ring at specific modulating frequencies [8]. Fig. 4(b) shows the
received normalized RF power plotted as a function of fiber
transmission distance (L) for ODSB signals with modulating
frequencies of 12 GHz, 37 GHz and 60 GHz, respectively. It can
be seen that the impact of fiber chromatic dispersion becomes
more pronounce with increasing modulating frequency.

Since the fiber-induced dispersion penalties are so severe
in direct-detection optically-fed mm-wave systems, various
techniques have been proposed and demonstrated to overcome
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Fig. 6. Schematic showing wavelength interleaving scheme for ���� � � signals.

dispersion effects in such systems. Amongst these techniques
are the optical-single-sideband-with-carrier ( )
modulation scheme [15], optical carrier suppression technique
[16]–[18], external filtering [19]–[22], using chirped fiber
gratings [23], using fiber nonlinearities [24]–[26], and using
phase conjugation [27]. A convenient technique to overcome
the fiber dispersion effect is by simply removing one of the
optical sidebands in an optical DSB modulated signal. This can
be done via optical filtering using a narrowband notch fiber
Bragg grating where the reflective band coincides with the
unwanted sideband [19] as illustrated in Fig. 5(a). While this
technique is simple to implement, the limited flexibility makes
the implementation difficult to accommodate for modifying the
mm-wave frequency.

Another technique to overcome the impact of fiber chromatic
dispersion on mm-wave modulated optical signals is by using
the modulation format. The formatted
signal can be generated via cancellation of the unwanted optical
sideband within an external optical modulator. This can be done
using a dual-electrode Mach–Zehnder modulator (DEMZM)
biased at quadrature and with the RF signal applied to both
electrodes with a 90 phase shift between the two electrodes
[15] as illustrated in Fig. 5(b). The interaction between the RF
modulation and the optical signals results in the suppression of
one of the odd-harmonics modulation sidebands. Both the op-
tical filtering and techniques suffer a 6 dB electrical
loss since half of the optical sideband power is removed in
comparison to the optical double sideband case. Also shown in
Figs. 4(a) and (b) are the measured and calculated normalized
received RF power for which clearly indicates that
it is able to overcome the dispersion-induced RF power penalty.

The optical carrier suppression scheme is another effective
method to combat dispersion effects in mm-wave fiber-wireless
links [16]–[18]. By biasing a single-electrode Mach–Zehnder
modulator (MZM) at the minimum transmission point of the
transfer function, the optical carrier will be suppressed to
generate a double-sideband-suppressed-carrier optical signal
as shown in Fig. 5(c). Such an implementation requires only
half the desired modulating frequency to drive the MZM. The
mixing of the two optical carriers at a high-speed photodetector
generates a single beat component at twice the drive frequency
which is not affected by dispersion-induced RF power penalties.
Despite this simple, elegant approach, this technique requires

a large RF drive power to obtain a desirable modulation depth
since the modulator is biased in the nonlinear region.

B. Optical Spectral Efficiency for Transporting Optically
Modulated Millimeter-Wave Signals

It is important to note that despite the large wireless carrier
frequency, the wireless information bandwidth is typically only
occupying a small fraction of the bandwidth relative to the car-
rier frequency. Hence, to transport a mm-wave wireless signal in
an ODSB signal format where the wireless sidebands are located
on either side of the optical carrier inherently leads to inefficient
use of optical bandwidth. On the other hand, the
modulation scheme not only overcomes the fiber chromatic dis-
persion issue, it also improves the optical spectral usage by at
least 50% compared to the ODSB case. Nevertheless the trans-
portation of modulated radio signals at mm-wave fre-
quencies still leads to the inefficient use of the optical spectrum
especially in a wavelength-division-multiplexed (WDM) envi-
ronment where the actual information bandwidth of the radio
signals modulated onto an optical WDM channel (typically at
50 or 100 GHz spacing) is GHz. This also applies to the
optical carrier suppression method. Therefore, the optical trans-
port of mm-wave modulated optical signals leads to the inef-
ficient use of the optical bandwidth. Recently there have been
a number of proposed schemes to improve the optical spectral
usage for the transportation of optically modulated mm-wave
signals [28], [29]. These techniques are based on interleaving
multiple mm-wave optical signals, making use of the unused
spectral band between the optical carrier and sideband in an

signal and that between the two sidebands in the
optical carrier suppression technique as illustrated in Fig. 6. In
principle, wavelength interleaving is able to enhance the overall
capacity within the standard 1550 nm Erbium-doped fiber am-
plifier (EDFA) gain window by a factor of 3 for a 37.5 GHz
fiber-wireless link incorporating [30].

Table I summarizes the unique advantages and disadvan-
tages of different optical modulation schemes for transporting
mm-wave wireless signals.

C. Optical Modulation Depth for Optically Modulated
Millimeter-Wave Signals

Another issue related to mm-wave fiber-wireless signals is the
weak modulation of the wireless signals. The mm-wave wire-
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TABLE I
ADVANTAGES AND DISADVANTAGES OF DIFFERENT MODULATION SCHEMES

less signal is typically weakly modulated onto the optical carrier
due to the narrow linear region of intensity modulators. Con-
sequently the power of the optically modulated mm-wave side-
band can be more than 20 dB below that of the optical carrier for
an signal. To improve the link performance, the op-
tical power of the signals can be increased by using a high power
optical source or an optical amplifier; however, this may lead
to increased intermodulation distortions at the receiver or even
damage of the receiver due to a too large optical power incident
on the optical detector [31]. A few techniques have been pro-
posed to improve the modulation efficiency of these signals in-
cluding Brillouin scattering [31], [32], external optical filtering
[33], [34], and optical attenuation [35].

In principle, an optical carrier suppression signal has better
receiver sensitivity compared to an signal. Shown
in Fig. 7 is a technique to improve the modulation efficiency
of signals using an optical filtering scheme. Here
a narrowband external fiber Bragg grating (FBG) is used to re-
move a portion of the optical carrier, leaving only a fraction of
the optical carrier power to be detected at the receiver [36]. In
this particular investigation, a number of FBGs with 3 dB reflec-
tion bandwidths of 2.7 GHz and reflectivity ranging from 3 dB
(50%) to 30 dB (99.9%) were used to quantify the optical link
performance as a function of modulation efficiency. Fig. 8(a)
shows the measured optical spectrum of an signal
carrying 155 Mb/s data at 35 GHz, before and after the FBG with
95% reflectivity that clearly indicates that the optical carrier was
suppressed by 14 dB. The corresponding bit-error-rate (BER)

Fig. 7. Technique to improve modulation efficiency of������ signal using
an FBG.

Fig. 8. Measured (a) optical spectra and (b) BER using 95% reflectivity FBG.

curves are shown in Fig. 8(b) with a 4.25 dB improvement in
the sensitivity at a with the carrier-to-sideband
ratio (CSR) decreased by 14 dB [37]. Hence, by reducing the
CSR of the signal, the overall sensitivity of the link
can be drastically improved. Studies have shown that the op-
timum CSR occurs at 0 dB [38]. The situation that an optimum
CSR exists for a mm-wave modulated optical signal is due to
the interplay between the optical powers in the carrier and side-
band. The sensitivity of the link is dependent on the addition of
these two parameters, while the BER is dependent on the square
root of the product [38]. Therefore, by varying the CSR while
maintaining a constant received optical power, the received data
current peaks at a dB which leads to a lower BER and
an improved performance. It is important to note here that this
technique is envisaged for fiber-wireless networks with passive
links. The improvement in receiver sensitivity can be translated
to extended optical transmission distance.

D. Base-Station Technologies

To support full-duplex operation in mm-wave fiber-wireless
networks, the optical interfaces within the antenna base station
have to include optical sources which can be modulated by the
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Fig. 9. Laser-free base-station using. (a) electroabsorption transceiver (EAT), (b) wavelength re-use scheme, (c) remote carrier delivery.

mm-wave uplink wireless signals. In addition, optical sources
with narrow linewidths at well-specified wavelengths are re-
quired at the base stations to minimize phase noise degrada-
tion. However this scenario is not an attractive option for uplink
signal transmission as ultra-stable, low-cost, narrow linewidth
optical sources are difficult to realize. Therefore, there is a sig-
nificant advantage to completely remove the need for an optical
source in the antenna BS. Removing the optical source from the
antenna BS also migrates the wavelength assignment and source
monitoring functionalities to the CO which further relaxes the
stringent requirements on the antenna BS hardware.

The first demonstration of a source-free antenna BS was
British Telecom’s passive pico cell concept [39] where an
electro-absorption modulator (EAM) was used as both the de-
tector and modulator by careful choice of the biasing condition
[39]. In this technique, the EAM was optimized independently
for two different optical signals to be used as the downlink
and uplink carriers. This scheme was further improved and
optimized for 60 GHz transmission where the EAM was termed
as an electroabsorption transceiver (EAT) [40] as illustrated in
Fig. 9(a). Here the EAT replaces the photodetector and uplink
modulation where it acts as a photodetector for the downlink
signals and as a modulator for the uplink wireless signals. In
this scheme, the uplink carrier is remotely delivered from the
CO.

Another source-free scheme that has been proposed and
demonstrated is called the ‘wavelength re-use’ technique where
a portion of the downlink carrier is extracted and re-used for
uplink transmission [41]. Shown in Fig. 9(b) is the schematic of
the wavelength re-use technique for modulated sig-
nals where an optical carrier recovery interface is located within

the BS. The optical carrier recovery interface consisting of a
3-port circulator and a narrowband FBG with 50% reflectivity
is shown in Fig. 9(b). The incoming downlink signal
enters the optical carrier recovery interface via port 1 of the
circulator where 50% of the optical carrier power is reflected by
a FBG with a center wavelength at the optical carrier, which is
located at the output of port 2. The remaining 50% of the carrier
and the corresponding sideband feed a photodetector and the
detected downlink signal enters the base station downlink RF
interface for wireless transmission. The reflected optical carrier
exits the optical interface via port 3 where it will be reused
as the uplink optical carrier. The knowledge of the operating
wavelength is sufficient for the design of the FBG making it
more flexible in terms of frequency assignment at the base
station-air interface.

A more convenient method to establish a source-free BS is
to provide the uplink optical carrier remotely from the CO [42],
[43]. This scheme is illustrated in Fig. 9(c). The optical source
in the BS is replaced by a filtering subsystem that may consist
of a wavelength interleaver or narrowband optical fiber. In this
case, the uplink carrier is remotely delivered from the CO and
the filtering subsystem functions to separate the uplink carrier
from the downlink signals. The upstream wireless signals are
modulated onto the optical carrier using an external modulator.

E. Optical Frontend Nonlinearity in Millimeter-Wave
Fiber-Wireless Links

Another key challenge in implementing mm-wave fiber-wire-
less systems is the nonlinearity of the optical frontend. It is well-
established that in a wireless access network with a multicarrier
environment, linearity plays an important role in the achievable
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Fig. 10. Different categories of linearization techniques.

system dynamic range. It has been shown that the nonlinearity
of the optical frontend in a fiber distributed wireless network
limits the overall system dynamic range [44] and this condi-
tion worsens due to other fiber nonlinearities as the radio sig-
nals propagate through the fiber link [45]. The issue of linearity
in fiber-wireless links has been widely investigated. A number
of linearization techniques have been demonstrated to combat
intermodulation distortion (IMD) products and improve the dy-
namic range of optical analog links including: optical feedfor-
ward [46], [47], gain modulation [48], predistortion [49], [50]
and parallel modulator configurations [51]–[53]. These tech-
niques can be generalized into three categories as summarized
in Fig. 10, namely predistortion, post-compensation and optical
techniques. Predistortion schemes focus on the mitigation of
IMD within the frontend. In general the predistortion technique
requires a pre-distorter at the source that combats IMD by gen-
erating frequency components of the same amplitude but oppo-
site in phase. IMD mitigation using optical techniques includes
optical feedforward [46], [47] and an efficient modulator config-
uration [51]–[53]. The optical feedforward technique has been
shown to be effective in suppressing third-order IMD and also
reduces the laser relative intensity noise (RIN) over a wide band-
width [54]. This technique consists of two sections with one de-
termining the error and the other canceling the error [46], [47].
Therefore, it relies on the careful tuning of the amplitudes and
phases of the signals to ensure perfect cancellation. Post-com-
pensation on the other hand, focuses on the receiver end and
uses estimation and equalization to mitigate IMD via signal pro-
cessing [55], [56].

Recently an alternative technique has been reported which
is based on the transmission of digitized RF signals [57], [58]
which benefits from the higher performance of digital optical
links. Given that most of the wireless applications use signal
bandwidths which are a small fraction of their carrier frequen-
cies, bandpass sampling is an attractive scheme to digitize the
wireless signals effectively. Bandpass sampling has the advan-
tage of using a much lower sampling rate which is comparable
to the wireless information bandwidth rather than the wireless
carrier frequency [59].

Fig. 11 illustrates an optical link based on digital radio-over-
fiber (DRoF) transport. The digitization of the wireless signal
produces a sampled digital datastream in a serial format that can
directly modulate an optical source. This approach enables the
use of digital photonic links to transport the wireless signals. In
this implementation, only a minimal set of frontend components
(i.e., analog-to-digital converter (ADC) and digital-to-analog
converter (DAC)) are needed in the antenna BS leaving all signal
processing functions to be located in the CO. Given that the
IMDs arising from nonlinear electrical-to-optical conversions
and issues arising from using analog photonic links can now

Fig. 11. Schematic of fiber-wireless link deploying digitized RF transport.

Fig. 12. Dynamic range of fiber-wireless link incorporating analog and digi-
tized RF transport.

be completely avoided, an optical link employing digitized RoF
transmission can maintain its dynamic range independent of the
fiber transmission distance until when the received signal goes
below the link sensitivity. Fig. 12 shows the calculated dynamic
range of the system as a function of optical transmission dis-
tance for both DRoF and analog RoF links. Dynamic range pre-
sented here can be interpreted as the ratio of strongest signal to
the weakest signal that can be supported without distortion. It
can be clearly seen that the dynamic range in the analog link
decreases steadily with fiber transmission length while DRoF is
able to maintain a constant dynamic range until the transmission
distance reaches a certain length. The sharp roll-off observed in
Fig. 12 is due to synchronization loss. It is evident that the dig-
itized RF transport offers a distinct advantage over an analog
link for RoF signal transport, although the implementation of
the DRoF scheme relies heavily on the ADC/DAC technology.
Although bandpass sampling enables the use of a lower sam-
pling frequency, the ADC requires the analog bandwidth to be
at least equivalent to the wireless carrier frequency. Therefore,
for mm-wave fiber-wireless systems, this scheme is still limited
by commercially available ADC/DAC technology [60].

IV. OPTICAL SUBSYSTEMS INTERFACE FOR WDM-BASED

MILLIMETER-WAVE FIBER-WIRELESS SYSTEMS

It is well-established that the total capacity and throughput of
a mm-wave fiber-wireless system can be greatly enhanced with
efficient optical fiber architectures using wavelength-division-
multiplexing (WDM) optical networking technology. Much re-
search has been carried out in fiber-wireless networks incorpo-
rating WDM with the aim of reusing existing optical infrastruc-
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ture. With the incorporation of WDM in mm-wave fiber-wire-
less approaches, a fast deployment route for these systems may
be achieved. By leveraging the optical network infrastructure al-
ready existing in the access and metro network domains, unused
fibers may be utilized as the means of communications between
the CO and the antenna BSs. It is therefore equally important
that mm-wave fiber-wireless access technology can coexist with
other optical access technologies; being able to merge/integrate
within the existing infrastructure and ensure transparency in the
remote access nodes. As established in the previous section,
the transportation of wavelength-interleaved mm-wave wireless
signals in and optical carrier suppression formats
mitigate the impact of fiber dispersion induced power penalty
and also improve the optical spectral usage. In this section, we
will provide a review of various optical subsystem and inter-
face designs to enable the seamless integration of WDM based
fiber-wireless networks with existing WDM infrastructures.

A. Optical-Add-Drop-Multiplexer for Wavelength-Interleaved
Dense-WDM Fiber-Wireless System

Fig. 13 shows a schematic of a WDM fiber-wireless architec-
ture with a primary ring and incorporating both wavelength-in-
terleaving and modulation schemes. In such a
configuration, an optical interface capable of dropping and
adding the dense-WDM wavelength-interleaved (WI) channels
is essential at the antenna BS [61]. One recent demonstration of
such a multifunctional BS optical interface that supports optical
adding and dropping of wavelength-interleaved-dense-WDM
(WI-DWDM) channels from the main trunk, while removing
the need for an optical source within the BS [61] has been
shown. Fig. 14 shows the optical interface based on a 7-port
optical circulator in conjunction with a double notch and a
single notch fiber Bragg grating. The interface consists of
‘IN’, ‘OUT’, ‘DOWNLINK DROP’, ‘ -REUSE’ and ‘ADD’
ports. Here three RF channels at 37.5 GHz are interleaved such
that the spacing between the optical carrier and the adjacent
sidebands, which enter the optical interface via port 1 (IN), is
12.5 GHz. The double notch filter at port 2 reflects 100% of
the desired downlink optical carrier ( in this case) and its
corresponding sideband, while transmitting the ‘thru’ chan-
nels to port 6 of the circulator which are routed out from the
interface via port 7 (OUT). The FBG at port 3 was designed
to reflect 50% of the optical carrier at while the remaining
50% of the optical carrier and the corresponding sideband are
dropped at port 3 (the DOWNLINK DROP). The 50% of the
reflected optical carrier at is recovered at port 4 ( -REUSE)
and can be re-used as the uplink optical carrier through being
modulated by the upstream mm-wave radio signals [41]. The
uplink optical signal can be added back to the main stream via
port 5 (ADD) and combines with the ‘thru’ channels and exits
via port 7 (OUT).

B. Simultaneous Multiplexing and Demultiplexing
Optical Interface for Wavelength-Interleaved Dense-WDM
Fiber-Wireless System

The multifunctional optical interface with add-drop capa-
bility introduced in Section IV.A is an ideal passive optical
add-drop multiplexer in the antenna BS, especially in a ring

Fig. 13. Schematic diagram of a WDM fiber-wireless ring architecture incor-
porating ���� � � modulation and wavelength-interleaving schemes.

Fig. 14. Multifunctional WDM optical interface with optical add-drop and
wavelength re-use functionalities.

architecture. However in a star-tee architecture, an optical
interface with simultaneous demultiplexing and multiplexing
of several channels is essential in the CO and remote nodes
(RNs) of the mm-wave fiber-wireless network. In such an envi-
ronment, a series of cascaded optical interfaces demonstrated
in Section IV.A would be needed which could impose signif-
icant performance degradation and limitations in the network
dimensioning. Furthermore a series of cascaded interfaces also
leads to complex, bulky and expensive demultiplexing/multi-
plexing subsystems. It is therefore essential to combine these
functionalities required in the CO and RNs into a single device
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Fig. 15. Schematic depicting the optical spectra of the wavelength-interleaved DWDM mm-wave fiber-wireless channels.

such that cost-effective architectures with reduced complexity
can be realized. In addition, it is equally important that passive
WDM components in the COs and RNs are transparent to the
uplink channels generated by reusing the downlink optical
carrier, which allows the BS to be simplified by removing the
light source from the uplink path [41].

Simple multiplexing schemes that efficiently interleave
DWDM mm-wave fiber-radio channels separated at 25 GHz
were proposed in [62]–[64]. A demultiplexing scheme for 25
GHz-separated DWDM mm-wave fiber-radio channels was
also proposed in [65], however this scheme requires additional
wavelength-selective pre- and post-processing hardware, in
addition to custom-developed arrayed waveguide gratings
(AWGs). Recently, a simultaneous multiplexing and demulti-
plexing (MUX/DEMUX) scheme for the CO and the RN in a
star-tree fiber-wireless system, which effectively multiplexes
and demultiplexes 37.5 GHz-band WI-DWDM mm-wave
fiber-radio channels spaced at 25 GHz has been demonstrated
[66]. The incorporation of such a scheme in WI-DWDM
mm-wave fiber-radio systems can offer efficient multiplexing
with improved overall link performance due to a reduction in
carrier-sideband-ratio (CSR) as discussed in Section III.C [38].
In addition, the proposed scheme ensures the transparency
of the CO and the RN to uplink (UL) channels generated by
reusing the downlink (DL) optical carriers, which enables a
simple, compact and low cost BS through the complete removal
of the UL light source. Fig. 15 shows a schematic of the op-
tical spectra of optical mm-wave channels before and after
interleaving, with a DWDM channel spacing and mm-wave
carrier frequency of 2 and 3 , respectively. The optical
carriers and their respective modulation side-
bands (in modulation format) are
interleaved in such a way that the adjacent channel spacing,
irrespective of carrier or sideband, becomes .

Fig. 16(a) shows the schematic of the MUX/DEMUX scheme
that simultaneously enables multiplexing and demultiplexing of
the proposed WI technique. The MUX/DEMUX comprises a

AWG with a channel bandwidth
and a channel spacing of , in conjunction with multiple op-
tical circulators (OCs) and optical isolators (OIs). The input (A)
and output (B) ports of the arrayed waveguide grating (AWG),
reciprocal in nature, are numbered from 1 to . The char-
acteristic matrix of the AWG that governs the distribution of

different channels at various ports is tabulated in Fig. 16(b).
For clarity the proposed scheme is considered to be located at
a RN where the UL channels are multiplexed and the DL chan-
nels are demultiplexed simultaneously. As shown in Fig. 16(a),
the DL WI-DWDM channels from the feeder network enter the
RN, are split by a 3 dB coupler, and pass through circulators

and before entering the AWG via the ports
and . The input ports, and were selected in such a
way that the optical carriers and their re-
spective modulation sidebands are demulti-
plexed together and exit the AWG via the odd-numbered output
ports followed by , respec-
tively. The circulators , and
work as the means for combining/separating the DL and UL
channels to/from a specific port of the AWG, and routing them
to the destination accordingly.

In the UL direction, the
modulated optical mm-wave channels

, gen-
erated by either using the optical carriers that correspond
to wavelengths spaced at multiples of the Free Spectral
Range (FSR) of the AWG from the DL optical carriers, or
by reusing the DL optical carriers recovered by applying a
wavelength reuse technique ( , where

etc.), are applied to the AWG via the ports
followed by the circulators .

Due to the reciprocal and cyclic characteristics of the AWG, the
UL optical carriers and their respective modulation sidebands
combine at ports and , respectively. The composite UL
carriers at are then passed through

and looped back to the AWG through port that
redistributes the carriers respectively to the odd-numbered

ports, starting with . To realize
the desired interleaving for the UL channels, the distributed
UL carriers are again looped back to the
AWG via the even-numbered ports,
starting with and the resulting outcome comprises the UL
carriers and their respective modulation sidebands interleaved
at port (similar to the spectrum after multiplexing, shown
in Fig. 15), which are then routed to the fiber feeder network
via the .

In Fig. 16(a), the multiple loop-backs of the UL carriers
through the AWG reduce the CSR of the interleaved UL
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Fig. 16. Simultaneous multiplexing and demultiplexing of wavelength interleaved channels in a DWDM mm-wave fiber-wireless network: (a) DEMUX/MUX
scheme using �� � �� �� � � AWG and (b) the input-output characteristics matrix of AWG.

channels by as much as twice the insertion loss of
the AWG (typically 4–5 dB), which is 8–10 dB. To minimize
the effects of the unwanted signals from the even-numbered
ports, to , the loop-back paths of the redistributed
optical carriers were provided with directional optical isolators
that route only the redistributed UL carriers to the AWG and
suppress the remaining unwanted signals. Thus, the proposed
simultaneous multiplexing and demultiplexing scheme enables
efficient multiplexing of the WI-DWDM mm-wave channels
in the UL direction, while in the DL direction the circuit also
demultiplexes the WI-DWDM channels very effectively.

V. OPTICAL-WIRELESS HETEROGENEOUS ACCESS NETWORK

In this section, we focus on the role of fiber-wireless in future
telecommunication scenarios. Fiber-wireless technology may
play a role in high-speed in-building communication and also
the merging with other existing wired technology.

A. In-Building Short-Range Application

Extensive research has been carried out in the design of pic-
ocellular networks incorporating a fiber-wireless infrastructure
for the distribution of in-building wireless signals [67]–[70].
By reducing the cell size and limiting the number of users per
cell, this scheme is able to support very high data rate trans-
mission per user especially in a dense in-building scenario. It is
interesting to note that due to the relatively short distances in a
building; most of the optical distribution for in-building archi-
tectures uses multimode fiber.

One particular solution for an in-building picocellular net-
work is shown in Fig. 17, demonstrated by Corning, USA, for
the distribution of Wi-Fi signals (IEEE 802.11) [67]. A large
number of densely packed picocells are connected via an op-
tical backbone of multimode fiber to a CO. In this demonstra-
tion, low-cost VCSEL technology was used to further improve
the cost-effectiveness of the overall architecture [67], [68].

Fig. 17. Schematic of densely packed picocellular layout for in-building high-
speed communications.

B. MultiBand Transmission

With various last mile solutions emerging, it is essential for
RF fiber-wireless access technology to coexist with other op-
tical access technologies, thereby being able to merge/integrate
within the existing infrastructure and ensure transparency in
the remote access nodes. Much research has been targeted to-
wards wireless signal distribution over passive-optical-networks
(PONs) using subcarrier multiplexing to isolate the wired and
wireless signals [71]–[73]. Various wireless standards including
3G, WiFi and WiMAX have been demonstrated overlaying on
the PON infrastructure [71]–[73]. Apart from the distribution
of wireless signals at lower microwave frequencies, it is also
beneficial to develop an integrated optical access infrastructure
to simultaneously distribute multiple signal bands. A number of
simultaneous modulation techniques have been proposed which
enable baseband (BB), IF and RF technologies to be seamlessly
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Fig. 18. Schematic of an integrated optical access network.

combined and distributed together [74]–[78]. However, the per-
formance of these methods has been limited by the nonlinearity
as well as the optimum modulating conditions of the modula-
tors. Also, these techniques require significant changes both in
the existing mini switching centers (MSCs) and the remote ac-
cess nodes (RANs). An alternative approach to realizing an in-
tegrated DWDM network in the metro and higher network do-
mains is to incorporate a number of MSCs suitable for the role
of a CO feeding clusters of BSs that service the RF fiber-radio
system [79]. This technique has the limitation of requiring a
dedicated optical network in the access domain. However, if the
passive WDM components (e.g., multiplexers, demultiplexers,
OADMs) in the existing MSCs and RANs can be provisioned
instead to support RF as well as other conventional BB and IF
access technologies thereby avoiding significant changes in the
existing setup, an effective integrated optical access network can
be easily realized. Shown in Fig. 18 is the schematic of one pos-
sible solution for an integrated optical access incorporating RF,
BB, and IF in a WDM environment highlighting the merging of
wireless and wireline optical access applications.

One of the many hybrid multiplexing schemes that effec-
tively multiplexes the optical RF, BB and IF signals in a DWDM
access network has been proposed and demonstrated in [70].
Fig. 19 shows the optical spectrum of the proposed multiplexing
scheme comprising N channels for each of the RF, BB and IF
signals, with a DWDM channel separation of . The RF car-
rier frequency is an integer multiple of the DWDM channel sep-
aration ( , where ), for instance, 3

. The signals are multiplexed in such a way that after mul-
tiplexing, the adjacent channel spacing, irrespective of RF, BB
or IF signals, is . Fig. 20 depicts the configuration of the
proposed multiplexing scheme that realizes such a hybrid mul-
tiplexed spectrum with the input and output spectra shown in the
insets. It consists of a AWG with bandwidth

equal to the adjacent channel spacing of the desired multi-
plexing scheme. The input (A) and output (B) ports of the AWG
are numbered from 1 to . The optically modulated RF, BB,
and IF input signals enter the AWG starting with port to ,
leaving the 5th, 9th, 13th, th ports unused. The RF
channels are modulated in modulation format. The
AWG combines all the modulation sidebands of
the RF channels as well as the BB and IF channels at the output

Fig. 19. Schematic showing the optical spectrum of the multiplexed optical RF,
IF and baseband signals for optical access integration.

Fig. 20. Schematic of the hybrid multiplexing of RF, IF and baseband data for
integrated optical access environment.

port . Due to the cyclic characteristics of the AWG, the op-
tical carriers of the RF channels also exit as a
composite signal via the output port . The composite carriers
are then looped back to the AWG through the input port that
redistributes the carriers to the 5th, 9th, 13th, th
output ports. To realize the desired multiplexing, the distributed
carriers are again looped back to the AWG via the unused input
ports and the resultant output at port is the RF, BB, and IF
signals multiplexed with the BB and IF channels interleaved be-
tween the optical carrier and the modulation sideband of the RF
channels. The multiplexed spectrum can be seen in the insets of
Fig. 20. As before, due to the loop-backs the optical carriers of
the RF channels are suppressed by as much as twice the inser-
tion loss of the AWG compared to the modulation sidebands.
Thus, the proposed multiplexing scheme enables a carrier sub-
traction technique that reduces the carrier-to-sideband ratio of
the RF channels by 8 to 10 dB.

VI. CONCLUSION

Millimeter-wave fiber-wireless technology has been actively
pursued and investigated in the past two decades. In this paper,
we have provided an overview of the research progress in this
area ranging from signal transportation, impairments to WDM
based subsystem interfaces and optical-wireless integrated ac-
cess infrastructure. In presenting this overview, we have fo-
cused the discussions on techniques and technologies that have
been investigated and demonstrated for the implementation of
high-performance mm-wave fiber-wireless systems. We have
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also touched upon the importance of optical-wireless integra-
tion for future heterogeneous access infrastructure for seamless
distribution of multiple bands signal over the same optical plat-
form.
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Abstract—Hybrid fiber-wireless networks incorporating WDM
technology for fixed wireless access operating in the sub-mil-
limeter-wave and millimeter-wave (mm-wave) frequency regions
are being actively pursued to provide untethered connectivity for
ultrahigh bandwidth communications. The architecture of such
radio networks requires a large number of antenna base-stations
with high throughput to be deployed to maximize the geographical
coverage with the main switching and routing functionalities
located in a centralized location. The transportation of mm-wave
wireless signals within the hybrid network is subject to several
impairments including low opto-electronic conversion efficiency,
fiber chromatic dispersion and also degradation due to nonlin-
earities along the link. One of the major technical challenges in
implementing such networks lies in the mitigation of these various
optical impairments that the wireless signals experience within the
hybrid network. In this paper, we present an overview of different
techniques to optically transport mm-wave wireless signals and
to overcome impairments associated with the transport of the
wireless signals. We also review the different designs of subsystems
for integrating fiber-wireless technology onto existing optical
infrastructure.

Index Terms—Fiber-wireless, microwave photonics, op-
tical-wireless integration, radio-over-fiber.

I. INTRODUCTION

T HE explosive growth of global mobile and wireless
access technology in recent years has been fuelled by

the maturing and more reliable digital and RF circuit fabrica-
tion and miniaturization technologies for producing smaller
portable wireless devices [1]. It is envisaged that the growth of
the mobile and wireless community will continue at an even
greater pace in the next decade. Currently available wireless
services and standards such as Wi-Fi, GSM, UMTS are con-
centrated in the lower microwave band. New emerging wireless
standards such as WiMAX and LTE will further enhance ex-
isting wireless transmission speeds and throughputs; however,
they still operate within the lower microwave regions (2–4
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Fig. 1. Millimeter-wave fiber-wireless network.

GHz). This places a heavy burden on the already congested
wireless spectrum in the microwave region. This is also the
fundamental driver that has led to new wireless technologies
which can exploit the large unused bandwidths of sub-mil-
limeter or millimeter-wave (mm-wave) frequency regions for
the provision of future broadband wireless services. One partic-
ular band of interest is the unlicensed 60 GHz frequency band
(57–64 GHz) which is targeted towards short range in-building
high-speed applications, has gained significant popularity in
the last few years [2]. With the inherent high propagation loss
characteristics of wireless signals at these frequencies, pico-
or microcellular architectures are essential to provide efficient
geographical coverage which necessitates a large deployment
of antenna base-stations (BSs). With the dramatic increase
of the throughput of each BS in such systems, the use of an
optical fiber backbone is required to provide broadband inter-
connections between the central office (CO) and all the antenna
BSs. This leads to the integration of the optical and wireless
broadband infrastructures via a common backhaul network
that in turn offers significant advantages while supporting
both wired and wireless connectivity. In this hybrid network
layout, significant reduction of the antenna BS complexity can
be achieved by moving the routing, switching and processing
functionalities to the CO. This strategy also enables the cost
and equipment to be shared among all the antenna BSs.

Although the optical-wireless integration is able to simplify
the backhaul infrastructure and offers significant benefits to fu-
ture service providers, the implementation of the hybrid fiber-
wireless network is not straightforward and issues regarding
wireless signal transport, signal impairments, spectrum alloca-
tion, performance optimization and integration with existing in-
frastructure have to be considered. This paper will provide an

0733-8724/$26.00 © 2009 IEEE



IE
EE

 P
ro

of

Pr
in

t V
er

sio
n

2 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 28, NO. 4, FEBRUARY 15, 2010

Fig. 2. Wireless signal transport schemes: (a) RF-over-fiber, (b) IF-over-fiber, (c) Baseband-over-fiber.

overview of the progress made in the last two decades in fiber-
wireless technology focusing on the various schemes and strate-
gies to tackle the key challenges.

This paper is organized as follows: Section II describes
the various optical transport schemes for wireless signals and
Section III investigates the impairments the wireless signals
experience while propagating over the optical link and the
corresponding strategies to overcome these impairments.
Section IV focuses on the subsystem and interface designs
for WDM-based mm-wave fiber-wireless networks while
Section V provides an overview of fiber-wireless application
in a heterogeneous access network. Finally, conclusions are
presented in Section VI.

II. OPTICAL TRANSPORT SCHEMES FOR WIRELESS SIGNALS

Millimeter-wave (mm-wave) fiber-wireless systems have the
advantage of being able to exploit the large unused bandwidth in
the wireless spectrum as well as the inherent large bandwidth of
the optical fiber. Such a hybrid architecture can potentially pro-
vide high data rates and throughput with minimal time delay.
The generic architecture of a mm-wave fiber-wireless architec-
ture is shown in Fig. 1. The conceptual infrastructure comprises
a CO which is connected to a large number of antenna BSs via
an optical fiber network. Much research has been carried out
on the development and exploitation of optically-fed mm-wave
wireless technologies with earlier work focusing on fiber link
configurations for wireless signal distributions [3]–[6]. In gen-
eral, there are three possible methods to transport the mm-wave
wireless signals over the optical link as shown graphically in

Fig. 2: RF-over-fiber, IF-over-fiber, and Baseband-over-fiber.
The choice of the optical transport scheme will also determine
the hardware requirements in the CO and antenna BS.

A. RF-Over-Fiber

The simplest scheme for transporting mm-wave wireless sig-
nals via an optical fiber feed network is to directly transport the
mm-wave wireless signals over fiber (RF-over-fiber) without
any need for frequency translation at the remote BS as shown
in Fig. 2. In this configuration, the mm-wave wireless signal is
externally modulated onto the optical carrier resulting in an op-
tical double sideband (ODSB) signal as illustrated in Fig. 2. The
two sidebands are located at the wireless carrier frequency away
from the optical carrier. Upon detection at the BS, the mm-wave
wireless signal can be recovered via direct detection using a
high-speed photodetector. RF-over-fiber transport has the ad-
vantage of realizing simple base-station designs with additional
benefits of centralized control, independence of the air-inter-
face and also enabling multiwireless band operation. However
one of its major drawbacks is the requirement for high-speed
optical modulation techniques that have the ability to generate
mm-wave modulated optical signals and also high-speed pho-
todetection schemes that directly convert the modulated optical
signals back to mm-wave signals in the RF domain. Another key
issue is the significant effect of fiber chromatic dispersion on the
detected mm-wave wireless signals [7]–[9].

B. IF-Over-Fiber

In contrast to the transmission of mm-wave wireless signals
over fiber, the wireless signals can be downconverted to a lower
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intermediate frequency (IF) at the CO before optical transmis-
sion. The effects of fiber chromatic dispersion on the optical
distribution of IF signals are reduced significantly. In addition,
IF-over-fiber transport scheme has the advantage of using low-
speed optoelectronic devices. The complexity of the antenna
BS hardware however, increases with IF signal transport for
mm-wave wireless access systems. It will now require a stable
mm-wave local oscillator (LO) and high-speed mixers for the
frequency translation processes in the BS as illustrated in Fig. 2.
This may also present a limitation when considering the ability
to upgrade or reconfigure the wireless network for the inclusion
of additional mm-wave wireless channels or alterations to the
wireless frequency. The subsequent requirement for a mm-wave
LO at the antenna BS can be overcome by remotely delivering
the LO signal optically from the CO [10]. This also enables cen-
tralized control of the LO signals themselves.

C. Baseband-Over-Fiber

As shown in Fig. 2, the third transport scheme transports the
wireless signal as a baseband signal over fiber, and then upcon-
verts the information to the required mm-wave radio frequency
at the antenna BS. This scheme has the advantage of using ma-
ture digital and electronic circuitry for signal processing at the
BS. In addition, it also enables low-speed optoelectronic devices
to be used within the BS. As with IF-over-fiber, the effects of
fiber chromatic dispersion are also greatly reduced. Furthermore
remote delivery of a mm-wave LO signal from the CO can over-
come the need of a physical LO in the BS. This transport scheme
is dependent on the air-interface which means that the BS must
have the intelligence to thoroughly process the wireless signals
before sending the baseband information back to the CO. Hence,
it necessitates the housing of additional hardware within the BS
to perform these tasks which increases the complexity of the BS
drastically. With the recent advancements in CMOS technology,
high-frequency radio-on-chip has been demonstrated [11], [12].
Also, the emergence of silicon photonic technology may enable
the future low-cost integration of optoelectronic and electronic
devices in order to achieve a cost-effective, compact transceiver
module within the antenna BS [13].

D. Discussion

Comparing the three transport schemes, ultimately there is
a trade-off between the complexity in the RF electronic and the
optoelectronic interfaces within the base-station. One of the key
challenges in implementing mm-wave fiber-wireless access sys-
tems is to efficiently distribute the wireless signals while main-
taining a functionally simple and compact BS design. Amongst
the schemes, RF-over-fiber transport scheme has the potential
to simplify the BS design for mm-wave fiber-wireless systems.
Having said this, the signals are susceptible to a number of im-
pairments along the link that may degrade the overall system
performance. This will be discussed in the next section.

III. OPTICAL IMPAIRMENTS AND STRATEGIES TO OVERCOME

IMPAIRMENTS IN MM-WAVE FIBER-WIRELESS LINKS

Fig. 3 illustrates the various impairments that the optically
modulated mm-wave signal experiences as it propagates along
the optical fiber. Within a simple point-to-point link connecting

an antenna BS and a CO, the received mm-wave wireless sig-
nals must undergo electrical-to-optical (E/O) conversion typi-
cally via external modulation using an electro-optic modulator
in conjunction with an optical carrier. Due to the nonlinear char-
acteristics of the modulator, the mm-wave wireless signals are
typically weakly modulated onto the optical carrier, resulting in
a very low modulation efficiency. In addition the external mod-
ulator nonlinear characteristics generate intermodulation prod-
ucts which contribute to the overall signal degradation. Once the
mm-wave radio signals are modulated onto the optical carrier,
the optical signal will be transported over the optical fiber link
to the central office. The optical distribution of the mm-wave
radio signals is subjected to the effects of fiber chromatic disper-
sion that will severely limit the overall transmission distance [8],
[9]. In addition, the optical spectral usage for the distribution of
the mm-wave radio signal is highly inefficient, considering that
the amount of useful information that is being transported (
Gb/s) is only a fraction of the occupied spectrum ( GHz). In
a long-reach scenario, the optical signal may experience signal
degradation due to fiber nonlinearities if the optical signal power
is optically amplified to overcome link losses and the amplified
optical power is large enough to trigger fiber nonlinearity ef-
fects. Another impairment that the signals may experience in a
long-reach environment is phase decorrelation between the op-
tical carrier and the wireless signals which may introduce an
addition penalty [14]. Upon reception at the receiver, the op-
tical signal undergoes an optical-to-electrical (O/E) conversion
in a photodiode. The photodiode is also a non-linear device and
is governed by the square-law process. The detection process
will further introduce distortions into the system. Therefore, it
is of great importance that these various impairments that the
signals experience along the link be mitigated to improve the
signal quality and the overall performance of the mm-wave hy-
brid fiber-wireless link. In this section, we review the different
mitigation strategies and techniques to overcome some of the
impairments.

A. Impact of Fiber Chromatic Dispersion on Optically
Modulated Millimeter-Wave Signals

When the mm-wave wireless signals are intensity modu-
lated onto an optical carrier, it will result in a double-side-
band-with-carrier (ODSB) modulation format where the
sidebands are located at the mm-wave frequency on either side
of the optical carrier. Hence, when the mm-wave modulated
optical signal propagates along a dispersive fiber, the two side-
bands will experience different amount of phase shift relative
to the optical carrier. Upon detection at the photodetector,
the square-law process generates two beat components at the
desired mm-wave frequency. The received RF power of the
mm-wave signal varies depending on the relative phase differ-
ence between the two beat components. The RF power variation
is dependent on the fiber dispersion parameter, the transmission
distance and also the mm-wave frequency as governed by the
following equation [8]:

mm (1)
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Fig. 3. Optical impairments in mm-wave fiber-wireless links.

Fig. 4. (a) Measured and calculated normalized received RF power for ODSB
and�������modulation as a function of modulation frequency for� � 	


km (b) as a function of fiber transmission length for modulation frequencies at
12 GHz, 37 GHz and 60 GHz.

where D represents the fiber dispersion parameter in ps/nm/km,
c is the velocity of light in a vacuum, L is the fiber transmission
length, mm represents the mm-wave modulating frequency and

is the optical carrier center frequency. To quantify the severity
of the penalty, shown in Fig. 4(a) is the measured and calculated
normalized received RF power using (1) as a function of mod-
ulating frequency for transmission over 80 km of single-mode

Fig. 5. (a)������ signal generation using narrowband filter, (b)������
signal generation using DEMZM, (c) Optical carrier suppression signal gener-
ation.

fiber. Normalized RF power is defined as the ratio of detected
RF power at 80 km of fiber to the RF power calculated at 0 km
of fiber. From the results it can be seen that the RF power varies
in a periodic manner with complete power suppression occur-
ring at specific modulating frequencies [8]. Fig. 4(b) shows the
received normalized RF power plotted as a function of fiber
transmission distance (L) for ODSB signals with modulating
frequencies of 12 GHz, 37 GHz and 60 GHz, respectively. It can
be seen that the impact of fiber chromatic dispersion becomes
more pronounce with increasing modulating frequency.

Since the fiber-induced dispersion penalties are so severe
in direct-detection optically-fed mm-wave systems, various
techniques have been proposed and demonstrated to overcome
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Fig. 6. Schematic showing wavelength interleaving scheme for ���� � � signals.

dispersion effects in such systems. Amongst these techniques
are the optical-single-sideband-with-carrier ( )
modulation scheme [15], optical carrier suppression technique
[16]–[18], external filtering [19]–[22], using chirped fiber
gratings [23], using fiber nonlinearities [24]–[26], and using
phase conjugation [27]. A convenient technique to overcome
the fiber dispersion effect is by simply removing one of the
optical sidebands in an optical DSB modulated signal. This can
be done via optical filtering using a narrowband notch fiber
Bragg grating where the reflective band coincides with the
unwanted sideband [19] as illustrated in Fig. 5(a). While this
technique is simple to implement, the limited flexibility makes
the implementation difficult to accommodate for modifying the
mm-wave frequency.

Another technique to overcome the impact of fiber chromatic
dispersion on mm-wave modulated optical signals is by using
the modulation format. The formatted
signal can be generated via cancellation of the unwanted optical
sideband within an external optical modulator. This can be done
using a dual-electrode Mach–Zehnder modulator (DEMZM)
biased at quadrature and with the RF signal applied to both
electrodes with a 90 phase shift between the two electrodes
[15] as illustrated in Fig. 5(b). The interaction between the RF
modulation and the optical signals results in the suppression of
one of the odd-harmonics modulation sidebands. Both the op-
tical filtering and techniques suffer a 6 dB electrical
loss since half of the optical sideband power is removed in
comparison to the optical double sideband case. Also shown in
Figs. 4(a) and (b) are the measured and calculated normalized
received RF power for which clearly indicates that
it is able to overcome the dispersion-induced RF power penalty.

The optical carrier suppression scheme is another effective
method to combat dispersion effects in mm-wave fiber-wireless
links [16]–[18]. By biasing a single-electrode Mach–Zehnder
modulator (MZM) at the minimum transmission point of the
transfer function, the optical carrier will be suppressed to
generate a double-sideband-suppressed-carrier optical signal
as shown in Fig. 5(c). Such an implementation requires only
half the desired modulating frequency to drive the MZM. The
mixing of the two optical carriers at a high-speed photodetector
generates a single beat component at twice the drive frequency
which is not affected by dispersion-induced RF power penalties.
Despite this simple, elegant approach, this technique requires

a large RF drive power to obtain a desirable modulation depth
since the modulator is biased in the nonlinear region.

B. Optical Spectral Efficiency for Transporting Optically
Modulated Millimeter-Wave Signals

It is important to note that despite the large wireless carrier
frequency, the wireless information bandwidth is typically only
occupying a small fraction of the bandwidth relative to the car-
rier frequency. Hence, to transport a mm-wave wireless signal in
an ODSB signal format where the wireless sidebands are located
on either side of the optical carrier inherently leads to inefficient
use of optical bandwidth. On the other hand, the
modulation scheme not only overcomes the fiber chromatic dis-
persion issue, it also improves the optical spectral usage by at
least 50% compared to the ODSB case. Nevertheless the trans-
portation of modulated radio signals at mm-wave fre-
quencies still leads to the inefficient use of the optical spectrum
especially in a wavelength-division-multiplexed (WDM) envi-
ronment where the actual information bandwidth of the radio
signals modulated onto an optical WDM channel (typically at
50 or 100 GHz spacing) is GHz. This also applies to the
optical carrier suppression method. Therefore, the optical trans-
port of mm-wave modulated optical signals leads to the inef-
ficient use of the optical bandwidth. Recently there have been
a number of proposed schemes to improve the optical spectral
usage for the transportation of optically modulated mm-wave
signals [28], [29]. These techniques are based on interleaving
multiple mm-wave optical signals, making use of the unused
spectral band between the optical carrier and sideband in an

signal and that between the two sidebands in the
optical carrier suppression technique as illustrated in Fig. 6. In
principle, wavelength interleaving is able to enhance the overall
capacity within the standard 1550 nm Erbium-doped fiber am-
plifier (EDFA) gain window by a factor of 3 for a 37.5 GHz
fiber-wireless link incorporating [30].

Table I summarizes the unique advantages and disadvan-
tages of different optical modulation schemes for transporting
mm-wave wireless signals.

C. Optical Modulation Depth for Optically Modulated
Millimeter-Wave Signals

Another issue related to mm-wave fiber-wireless signals is the
weak modulation of the wireless signals. The mm-wave wire-
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TABLE I
ADVANTAGES AND DISADVANTAGES OF DIFFERENT MODULATION SCHEMES

less signal is typically weakly modulated onto the optical carrier
due to the narrow linear region of intensity modulators. Con-
sequently the power of the optically modulated mm-wave side-
band can be more than 20 dB below that of the optical carrier for
an signal. To improve the link performance, the op-
tical power of the signals can be increased by using a high power
optical source or an optical amplifier; however, this may lead
to increased intermodulation distortions at the receiver or even
damage of the receiver due to a too large optical power incident
on the optical detector [31]. A few techniques have been pro-
posed to improve the modulation efficiency of these signals in-
cluding Brillouin scattering [31], [32], external optical filtering
[33], [34], and optical attenuation [35].

In principle, an optical carrier suppression signal has better
receiver sensitivity compared to an signal. Shown
in Fig. 7 is a technique to improve the modulation efficiency
of signals using an optical filtering scheme. Here
a narrowband external fiber Bragg grating (FBG) is used to re-
move a portion of the optical carrier, leaving only a fraction of
the optical carrier power to be detected at the receiver [36]. In
this particular investigation, a number of FBGs with 3 dB reflec-
tion bandwidths of 2.7 GHz and reflectivity ranging from 3 dB
(50%) to 30 dB (99.9%) were used to quantify the optical link
performance as a function of modulation efficiency. Fig. 8(a)
shows the measured optical spectrum of an signal
carrying 155 Mb/s data at 35 GHz, before and after the FBG with
95% reflectivity that clearly indicates that the optical carrier was
suppressed by 14 dB. The corresponding bit-error-rate (BER)

Fig. 7. Technique to improve modulation efficiency of������ signal using
an FBG.

Fig. 8. Measured (a) optical spectra and (b) BER using 95% reflectivity FBG.

curves are shown in Fig. 8(b) with a 4.25 dB improvement in
the sensitivity at a with the carrier-to-sideband
ratio (CSR) decreased by 14 dB [37]. Hence, by reducing the
CSR of the signal, the overall sensitivity of the link
can be drastically improved. Studies have shown that the op-
timum CSR occurs at 0 dB [38]. The situation that an optimum
CSR exists for a mm-wave modulated optical signal is due to
the interplay between the optical powers in the carrier and side-
band. The sensitivity of the link is dependent on the addition of
these two parameters, while the BER is dependent on the square
root of the product [38]. Therefore, by varying the CSR while
maintaining a constant received optical power, the received data
current peaks at a dB which leads to a lower BER and
an improved performance. It is important to note here that this
technique is envisaged for fiber-wireless networks with passive
links. The improvement in receiver sensitivity can be translated
to extended optical transmission distance.

D. Base-Station Technologies

To support full-duplex operation in mm-wave fiber-wireless
networks, the optical interfaces within the antenna base station
have to include optical sources which can be modulated by the
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Fig. 9. Laser-free base-station using. (a) electroabsorption transceiver (EAT), (b) wavelength re-use scheme, (c) remote carrier delivery.

mm-wave uplink wireless signals. In addition, optical sources
with narrow linewidths at well-specified wavelengths are re-
quired at the base stations to minimize phase noise degrada-
tion. However this scenario is not an attractive option for uplink
signal transmission as ultra-stable, low-cost, narrow linewidth
optical sources are difficult to realize. Therefore, there is a sig-
nificant advantage to completely remove the need for an optical
source in the antenna BS. Removing the optical source from the
antenna BS also migrates the wavelength assignment and source
monitoring functionalities to the CO which further relaxes the
stringent requirements on the antenna BS hardware.

The first demonstration of a source-free antenna BS was
British Telecom’s passive pico cell concept [39] where an
electro-absorption modulator (EAM) was used as both the de-
tector and modulator by careful choice of the biasing condition
[39]. In this technique, the EAM was optimized independently
for two different optical signals to be used as the downlink
and uplink carriers. This scheme was further improved and
optimized for 60 GHz transmission where the EAM was termed
as an electroabsorption transceiver (EAT) [40] as illustrated in
Fig. 9(a). Here the EAT replaces the photodetector and uplink
modulation where it acts as a photodetector for the downlink
signals and as a modulator for the uplink wireless signals. In
this scheme, the uplink carrier is remotely delivered from the
CO.

Another source-free scheme that has been proposed and
demonstrated is called the ‘wavelength re-use’ technique where
a portion of the downlink carrier is extracted and re-used for
uplink transmission [41]. Shown in Fig. 9(b) is the schematic of
the wavelength re-use technique for modulated sig-
nals where an optical carrier recovery interface is located within

the BS. The optical carrier recovery interface consisting of a
3-port circulator and a narrowband FBG with 50% reflectivity
is shown in Fig. 9(b). The incoming downlink signal
enters the optical carrier recovery interface via port 1 of the
circulator where 50% of the optical carrier power is reflected by
a FBG with a center wavelength at the optical carrier, which is
located at the output of port 2. The remaining 50% of the carrier
and the corresponding sideband feed a photodetector and the
detected downlink signal enters the base station downlink RF
interface for wireless transmission. The reflected optical carrier
exits the optical interface via port 3 where it will be reused
as the uplink optical carrier. The knowledge of the operating
wavelength is sufficient for the design of the FBG making it
more flexible in terms of frequency assignment at the base
station-air interface.

A more convenient method to establish a source-free BS is
to provide the uplink optical carrier remotely from the CO [42],
[43]. This scheme is illustrated in Fig. 9(c). The optical source
in the BS is replaced by a filtering subsystem that may consist
of a wavelength interleaver or narrowband optical fiber. In this
case, the uplink carrier is remotely delivered from the CO and
the filtering subsystem functions to separate the uplink carrier
from the downlink signals. The upstream wireless signals are
modulated onto the optical carrier using an external modulator.

E. Optical Frontend Nonlinearity in Millimeter-Wave
Fiber-Wireless Links

Another key challenge in implementing mm-wave fiber-wire-
less systems is the nonlinearity of the optical frontend. It is well-
established that in a wireless access network with a multicarrier
environment, linearity plays an important role in the achievable
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Fig. 10. Different categories of linearization techniques.

system dynamic range. It has been shown that the nonlinearity
of the optical frontend in a fiber distributed wireless network
limits the overall system dynamic range [44] and this condi-
tion worsens due to other fiber nonlinearities as the radio sig-
nals propagate through the fiber link [45]. The issue of linearity
in fiber-wireless links has been widely investigated. A number
of linearization techniques have been demonstrated to combat
intermodulation distortion (IMD) products and improve the dy-
namic range of optical analog links including: optical feedfor-
ward [46], [47], gain modulation [48], predistortion [49], [50]
and parallel modulator configurations [51]–[53]. These tech-
niques can be generalized into three categories as summarized
in Fig. 10, namely predistortion, post-compensation and optical
techniques. Predistortion schemes focus on the mitigation of
IMD within the frontend. In general the predistortion technique
requires a pre-distorter at the source that combats IMD by gen-
erating frequency components of the same amplitude but oppo-
site in phase. IMD mitigation using optical techniques includes
optical feedforward [46], [47] and an efficient modulator config-
uration [51]–[53]. The optical feedforward technique has been
shown to be effective in suppressing third-order IMD and also
reduces the laser relative intensity noise (RIN) over a wide band-
width [54]. This technique consists of two sections with one de-
termining the error and the other canceling the error [46], [47].
Therefore, it relies on the careful tuning of the amplitudes and
phases of the signals to ensure perfect cancellation. Post-com-
pensation on the other hand, focuses on the receiver end and
uses estimation and equalization to mitigate IMD via signal pro-
cessing [55], [56].

Recently an alternative technique has been reported which
is based on the transmission of digitized RF signals [57], [58]
which benefits from the higher performance of digital optical
links. Given that most of the wireless applications use signal
bandwidths which are a small fraction of their carrier frequen-
cies, bandpass sampling is an attractive scheme to digitize the
wireless signals effectively. Bandpass sampling has the advan-
tage of using a much lower sampling rate which is comparable
to the wireless information bandwidth rather than the wireless
carrier frequency [59].

Fig. 11 illustrates an optical link based on digital radio-over-
fiber (DRoF) transport. The digitization of the wireless signal
produces a sampled digital datastream in a serial format that can
directly modulate an optical source. This approach enables the
use of digital photonic links to transport the wireless signals. In
this implementation, only a minimal set of frontend components
(i.e., analog-to-digital converter (ADC) and digital-to-analog
converter (DAC)) are needed in the antenna BS leaving all signal
processing functions to be located in the CO. Given that the
IMDs arising from nonlinear electrical-to-optical conversions
and issues arising from using analog photonic links can now

Fig. 11. Schematic of fiber-wireless link deploying digitized RF transport.

Fig. 12. Dynamic range of fiber-wireless link incorporating analog and digi-
tized RF transport.

be completely avoided, an optical link employing digitized RoF
transmission can maintain its dynamic range independent of the
fiber transmission distance until when the received signal goes
below the link sensitivity. Fig. 12 shows the calculated dynamic
range of the system as a function of optical transmission dis-
tance for both DRoF and analog RoF links. Dynamic range pre-
sented here can be interpreted as the ratio of strongest signal to
the weakest signal that can be supported without distortion. It
can be clearly seen that the dynamic range in the analog link
decreases steadily with fiber transmission length while DRoF is
able to maintain a constant dynamic range until the transmission
distance reaches a certain length. The sharp roll-off observed in
Fig. 12 is due to synchronization loss. It is evident that the dig-
itized RF transport offers a distinct advantage over an analog
link for RoF signal transport, although the implementation of
the DRoF scheme relies heavily on the ADC/DAC technology.
Although bandpass sampling enables the use of a lower sam-
pling frequency, the ADC requires the analog bandwidth to be
at least equivalent to the wireless carrier frequency. Therefore,
for mm-wave fiber-wireless systems, this scheme is still limited
by commercially available ADC/DAC technology [60].

IV. OPTICAL SUBSYSTEMS INTERFACE FOR WDM-BASED

MILLIMETER-WAVE FIBER-WIRELESS SYSTEMS

It is well-established that the total capacity and throughput of
a mm-wave fiber-wireless system can be greatly enhanced with
efficient optical fiber architectures using wavelength-division-
multiplexing (WDM) optical networking technology. Much re-
search has been carried out in fiber-wireless networks incorpo-
rating WDM with the aim of reusing existing optical infrastruc-
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ture. With the incorporation of WDM in mm-wave fiber-wire-
less approaches, a fast deployment route for these systems may
be achieved. By leveraging the optical network infrastructure al-
ready existing in the access and metro network domains, unused
fibers may be utilized as the means of communications between
the CO and the antenna BSs. It is therefore equally important
that mm-wave fiber-wireless access technology can coexist with
other optical access technologies; being able to merge/integrate
within the existing infrastructure and ensure transparency in the
remote access nodes. As established in the previous section,
the transportation of wavelength-interleaved mm-wave wireless
signals in and optical carrier suppression formats
mitigate the impact of fiber dispersion induced power penalty
and also improve the optical spectral usage. In this section, we
will provide a review of various optical subsystem and inter-
face designs to enable the seamless integration of WDM based
fiber-wireless networks with existing WDM infrastructures.

A. Optical-Add-Drop-Multiplexer for Wavelength-Interleaved
Dense-WDM Fiber-Wireless System

Fig. 13 shows a schematic of a WDM fiber-wireless architec-
ture with a primary ring and incorporating both wavelength-in-
terleaving and modulation schemes. In such a
configuration, an optical interface capable of dropping and
adding the dense-WDM wavelength-interleaved (WI) channels
is essential at the antenna BS [61]. One recent demonstration of
such a multifunctional BS optical interface that supports optical
adding and dropping of wavelength-interleaved-dense-WDM
(WI-DWDM) channels from the main trunk, while removing
the need for an optical source within the BS [61] has been
shown. Fig. 14 shows the optical interface based on a 7-port
optical circulator in conjunction with a double notch and a
single notch fiber Bragg grating. The interface consists of
‘IN’, ‘OUT’, ‘DOWNLINK DROP’, ‘ -REUSE’ and ‘ADD’
ports. Here three RF channels at 37.5 GHz are interleaved such
that the spacing between the optical carrier and the adjacent
sidebands, which enter the optical interface via port 1 (IN), is
12.5 GHz. The double notch filter at port 2 reflects 100% of
the desired downlink optical carrier ( in this case) and its
corresponding sideband, while transmitting the ‘thru’ chan-
nels to port 6 of the circulator which are routed out from the
interface via port 7 (OUT). The FBG at port 3 was designed
to reflect 50% of the optical carrier at while the remaining
50% of the optical carrier and the corresponding sideband are
dropped at port 3 (the DOWNLINK DROP). The 50% of the
reflected optical carrier at is recovered at port 4 ( -REUSE)
and can be re-used as the uplink optical carrier through being
modulated by the upstream mm-wave radio signals [41]. The
uplink optical signal can be added back to the main stream via
port 5 (ADD) and combines with the ‘thru’ channels and exits
via port 7 (OUT).

B. Simultaneous Multiplexing and Demultiplexing
Optical Interface for Wavelength-Interleaved Dense-WDM
Fiber-Wireless System

The multifunctional optical interface with add-drop capa-
bility introduced in Section IV.A is an ideal passive optical
add-drop multiplexer in the antenna BS, especially in a ring

Fig. 13. Schematic diagram of a WDM fiber-wireless ring architecture incor-
porating ���� � � modulation and wavelength-interleaving schemes.

Fig. 14. Multifunctional WDM optical interface with optical add-drop and
wavelength re-use functionalities.

architecture. However in a star-tee architecture, an optical
interface with simultaneous demultiplexing and multiplexing
of several channels is essential in the CO and remote nodes
(RNs) of the mm-wave fiber-wireless network. In such an envi-
ronment, a series of cascaded optical interfaces demonstrated
in Section IV.A would be needed which could impose signif-
icant performance degradation and limitations in the network
dimensioning. Furthermore a series of cascaded interfaces also
leads to complex, bulky and expensive demultiplexing/multi-
plexing subsystems. It is therefore essential to combine these
functionalities required in the CO and RNs into a single device
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Fig. 15. Schematic depicting the optical spectra of the wavelength-interleaved DWDM mm-wave fiber-wireless channels.

such that cost-effective architectures with reduced complexity
can be realized. In addition, it is equally important that passive
WDM components in the COs and RNs are transparent to the
uplink channels generated by reusing the downlink optical
carrier, which allows the BS to be simplified by removing the
light source from the uplink path [41].

Simple multiplexing schemes that efficiently interleave
DWDM mm-wave fiber-radio channels separated at 25 GHz
were proposed in [62]–[64]. A demultiplexing scheme for 25
GHz-separated DWDM mm-wave fiber-radio channels was
also proposed in [65], however this scheme requires additional
wavelength-selective pre- and post-processing hardware, in
addition to custom-developed arrayed waveguide gratings
(AWGs). Recently, a simultaneous multiplexing and demulti-
plexing (MUX/DEMUX) scheme for the CO and the RN in a
star-tree fiber-wireless system, which effectively multiplexes
and demultiplexes 37.5 GHz-band WI-DWDM mm-wave
fiber-radio channels spaced at 25 GHz has been demonstrated
[66]. The incorporation of such a scheme in WI-DWDM
mm-wave fiber-radio systems can offer efficient multiplexing
with improved overall link performance due to a reduction in
carrier-sideband-ratio (CSR) as discussed in Section III.C [38].
In addition, the proposed scheme ensures the transparency
of the CO and the RN to uplink (UL) channels generated by
reusing the downlink (DL) optical carriers, which enables a
simple, compact and low cost BS through the complete removal
of the UL light source. Fig. 15 shows a schematic of the op-
tical spectra of optical mm-wave channels before and after
interleaving, with a DWDM channel spacing and mm-wave
carrier frequency of 2 and 3 , respectively. The optical
carriers and their respective modulation side-
bands (in modulation format) are
interleaved in such a way that the adjacent channel spacing,
irrespective of carrier or sideband, becomes .

Fig. 16(a) shows the schematic of the MUX/DEMUX scheme
that simultaneously enables multiplexing and demultiplexing of
the proposed WI technique. The MUX/DEMUX comprises a

AWG with a channel bandwidth
and a channel spacing of , in conjunction with multiple op-
tical circulators (OCs) and optical isolators (OIs). The input (A)
and output (B) ports of the arrayed waveguide grating (AWG),
reciprocal in nature, are numbered from 1 to . The char-
acteristic matrix of the AWG that governs the distribution of

different channels at various ports is tabulated in Fig. 16(b).
For clarity the proposed scheme is considered to be located at
a RN where the UL channels are multiplexed and the DL chan-
nels are demultiplexed simultaneously. As shown in Fig. 16(a),
the DL WI-DWDM channels from the feeder network enter the
RN, are split by a 3 dB coupler, and pass through circulators

and before entering the AWG via the ports
and . The input ports, and were selected in such a
way that the optical carriers and their re-
spective modulation sidebands are demulti-
plexed together and exit the AWG via the odd-numbered output
ports followed by , respec-
tively. The circulators , and
work as the means for combining/separating the DL and UL
channels to/from a specific port of the AWG, and routing them
to the destination accordingly.

In the UL direction, the
modulated optical mm-wave channels

, gen-
erated by either using the optical carriers that correspond
to wavelengths spaced at multiples of the Free Spectral
Range (FSR) of the AWG from the DL optical carriers, or
by reusing the DL optical carriers recovered by applying a
wavelength reuse technique ( , where

etc.), are applied to the AWG via the ports
followed by the circulators .

Due to the reciprocal and cyclic characteristics of the AWG, the
UL optical carriers and their respective modulation sidebands
combine at ports and , respectively. The composite UL
carriers at are then passed through

and looped back to the AWG through port that
redistributes the carriers respectively to the odd-numbered

ports, starting with . To realize
the desired interleaving for the UL channels, the distributed
UL carriers are again looped back to the
AWG via the even-numbered ports,
starting with and the resulting outcome comprises the UL
carriers and their respective modulation sidebands interleaved
at port (similar to the spectrum after multiplexing, shown
in Fig. 15), which are then routed to the fiber feeder network
via the .

In Fig. 16(a), the multiple loop-backs of the UL carriers
through the AWG reduce the CSR of the interleaved UL
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Fig. 16. Simultaneous multiplexing and demultiplexing of wavelength interleaved channels in a DWDM mm-wave fiber-wireless network: (a) DEMUX/MUX
scheme using �� � �� �� � � AWG and (b) the input-output characteristics matrix of AWG.

channels by as much as twice the insertion loss of
the AWG (typically 4–5 dB), which is 8–10 dB. To minimize
the effects of the unwanted signals from the even-numbered
ports, to , the loop-back paths of the redistributed
optical carriers were provided with directional optical isolators
that route only the redistributed UL carriers to the AWG and
suppress the remaining unwanted signals. Thus, the proposed
simultaneous multiplexing and demultiplexing scheme enables
efficient multiplexing of the WI-DWDM mm-wave channels
in the UL direction, while in the DL direction the circuit also
demultiplexes the WI-DWDM channels very effectively.

V. OPTICAL-WIRELESS HETEROGENEOUS ACCESS NETWORK

In this section, we focus on the role of fiber-wireless in future
telecommunication scenarios. Fiber-wireless technology may
play a role in high-speed in-building communication and also
the merging with other existing wired technology.

A. In-Building Short-Range Application

Extensive research has been carried out in the design of pic-
ocellular networks incorporating a fiber-wireless infrastructure
for the distribution of in-building wireless signals [67]–[70].
By reducing the cell size and limiting the number of users per
cell, this scheme is able to support very high data rate trans-
mission per user especially in a dense in-building scenario. It is
interesting to note that due to the relatively short distances in a
building; most of the optical distribution for in-building archi-
tectures uses multimode fiber.

One particular solution for an in-building picocellular net-
work is shown in Fig. 17, demonstrated by Corning, USA, for
the distribution of Wi-Fi signals (IEEE 802.11) [67]. A large
number of densely packed picocells are connected via an op-
tical backbone of multimode fiber to a CO. In this demonstra-
tion, low-cost VCSEL technology was used to further improve
the cost-effectiveness of the overall architecture [67], [68].

Fig. 17. Schematic of densely packed picocellular layout for in-building high-
speed communications.

B. MultiBand Transmission

With various last mile solutions emerging, it is essential for
RF fiber-wireless access technology to coexist with other op-
tical access technologies, thereby being able to merge/integrate
within the existing infrastructure and ensure transparency in
the remote access nodes. Much research has been targeted to-
wards wireless signal distribution over passive-optical-networks
(PONs) using subcarrier multiplexing to isolate the wired and
wireless signals [71]–[73]. Various wireless standards including
3G, WiFi and WiMAX have been demonstrated overlaying on
the PON infrastructure [71]–[73]. Apart from the distribution
of wireless signals at lower microwave frequencies, it is also
beneficial to develop an integrated optical access infrastructure
to simultaneously distribute multiple signal bands. A number of
simultaneous modulation techniques have been proposed which
enable baseband (BB), IF and RF technologies to be seamlessly
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Fig. 18. Schematic of an integrated optical access network.

combined and distributed together [74]–[78]. However, the per-
formance of these methods has been limited by the nonlinearity
as well as the optimum modulating conditions of the modula-
tors. Also, these techniques require significant changes both in
the existing mini switching centers (MSCs) and the remote ac-
cess nodes (RANs). An alternative approach to realizing an in-
tegrated DWDM network in the metro and higher network do-
mains is to incorporate a number of MSCs suitable for the role
of a CO feeding clusters of BSs that service the RF fiber-radio
system [79]. This technique has the limitation of requiring a
dedicated optical network in the access domain. However, if the
passive WDM components (e.g., multiplexers, demultiplexers,
OADMs) in the existing MSCs and RANs can be provisioned
instead to support RF as well as other conventional BB and IF
access technologies thereby avoiding significant changes in the
existing setup, an effective integrated optical access network can
be easily realized. Shown in Fig. 18 is the schematic of one pos-
sible solution for an integrated optical access incorporating RF,
BB, and IF in a WDM environment highlighting the merging of
wireless and wireline optical access applications.

One of the many hybrid multiplexing schemes that effec-
tively multiplexes the optical RF, BB and IF signals in a DWDM
access network has been proposed and demonstrated in [70].
Fig. 19 shows the optical spectrum of the proposed multiplexing
scheme comprising N channels for each of the RF, BB and IF
signals, with a DWDM channel separation of . The RF car-
rier frequency is an integer multiple of the DWDM channel sep-
aration ( , where ), for instance, 3

. The signals are multiplexed in such a way that after mul-
tiplexing, the adjacent channel spacing, irrespective of RF, BB
or IF signals, is . Fig. 20 depicts the configuration of the
proposed multiplexing scheme that realizes such a hybrid mul-
tiplexed spectrum with the input and output spectra shown in the
insets. It consists of a AWG with bandwidth

equal to the adjacent channel spacing of the desired multi-
plexing scheme. The input (A) and output (B) ports of the AWG
are numbered from 1 to . The optically modulated RF, BB,
and IF input signals enter the AWG starting with port to ,
leaving the 5th, 9th, 13th, th ports unused. The RF
channels are modulated in modulation format. The
AWG combines all the modulation sidebands of
the RF channels as well as the BB and IF channels at the output

Fig. 19. Schematic showing the optical spectrum of the multiplexed optical RF,
IF and baseband signals for optical access integration.

Fig. 20. Schematic of the hybrid multiplexing of RF, IF and baseband data for
integrated optical access environment.

port . Due to the cyclic characteristics of the AWG, the op-
tical carriers of the RF channels also exit as a
composite signal via the output port . The composite carriers
are then looped back to the AWG through the input port that
redistributes the carriers to the 5th, 9th, 13th, th
output ports. To realize the desired multiplexing, the distributed
carriers are again looped back to the AWG via the unused input
ports and the resultant output at port is the RF, BB, and IF
signals multiplexed with the BB and IF channels interleaved be-
tween the optical carrier and the modulation sideband of the RF
channels. The multiplexed spectrum can be seen in the insets of
Fig. 20. As before, due to the loop-backs the optical carriers of
the RF channels are suppressed by as much as twice the inser-
tion loss of the AWG compared to the modulation sidebands.
Thus, the proposed multiplexing scheme enables a carrier sub-
traction technique that reduces the carrier-to-sideband ratio of
the RF channels by 8 to 10 dB.

VI. CONCLUSION

Millimeter-wave fiber-wireless technology has been actively
pursued and investigated in the past two decades. In this paper,
we have provided an overview of the research progress in this
area ranging from signal transportation, impairments to WDM
based subsystem interfaces and optical-wireless integrated ac-
cess infrastructure. In presenting this overview, we have fo-
cused the discussions on techniques and technologies that have
been investigated and demonstrated for the implementation of
high-performance mm-wave fiber-wireless systems. We have
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also touched upon the importance of optical-wireless integra-
tion for future heterogeneous access infrastructure for seamless
distribution of multiple bands signal over the same optical plat-
form.
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