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For  realization  of  future  high  performance  integrated  networks,  broadband  distribution  and  access  net-
works  and  to  meet  the  increasing  demand  of multimedia  services  with  a  guaranteed  quality  of  service,
RoF  technology  comes  out as the  most  promising  technology  that  combines  the  capacity  of  optical  net-
eywords:
adio over fiber (RoF) technology

ntensity modulation
iber dispersion
on-linear distortion

works  with  the  flexibility  and  mobility  of  wireless  networks.  Reduction  in complexity  at  the  antenna  site,
reduction  in  installation  cost  of  access  networks,  possibility  of  dynamically  allocation  of  radio  carriers
to different  antenna  sites,  transparency  and  scalability  are  the  few  advantages  of radio-over-fiber  (RoF)
technology.  In  this  paper,  we  review  the  different  challenges  that  limit  the  probable  capabilities  of  RoF
communication  networks  and  different  mitigation  techniques  to combat  with  these  challenges  to realize
high-performance  RoF  links.
. Introduction

Future broadband-wireless networks will probably use a radio
ver fiber (RoF) architecture to provide wireless connectivity to
he users and to meet the increasing demand of multimedia ser-
ices. The applications of RoF technology include cellular networks,
atellite communication, Multipoint Video Distribution Services
MVDS), Mobile Broadband System (MBS) and Wireless LANs over
ptical networks [1].  As a matter of fact, the growing number of
obile subscribers coupled with the increasing demand of broad-

and services has kept sustained pressure on mobile networks to
ffer increased capacity. For example, from 2 G to 3 G mobile com-
unications, a variety of wireless systems such as GPRS, Bluetooth,
ltra-Wideband, Wireless LAN and Hyper LAN, have been devel-
ped and more can be expected in 4 G mobile communications in
hich considerable difficulties must be faced by network operators

n accommodating the increasing traffic to each user. RoF tech-
ology involves the use of optical components and techniques to
llocate RF signals from the control stations (CS) to the base sta-

ions (BS). Thus, RoF makes it possible to centralize the RF signal
rocessing function in one shared location (CS) with use of sin-
le mode optical fiber that has a very low signal loss to distribute
he RF signals to the BSs [2].  The micro and pico-cellular architec-
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tures are installed with low power radio access points (RAPs) to
increase the frequency reuse and capacity of a wireless network to
provide wireless access and the best way to connect these RAPs to
CS unit is RoF technology. Further, RoF technology allows a micro-
cellular network system to be implemented by using a fiber-fed
distributed antenna network. At each remote antenna, the received
RF signals are transmitted over an analog optical fiber link to a CS
unit where all the demultiplexing and signal processing functions
are performed. Such architectures simply consist of a linear analog
optical transmitter, an amplifier and a small low power transceiver
of antenna that helps in reducing the cost of microcellular antenna
site. Realization of such distributed antenna networks that can pro-
vide several advantages such as low RF power remote antenna
units, frequency reuse, better coverage, high capacity, high qual-
ity signal as well as low fiber attenuation, RoF technology becomes
an attractive, promising and potential technology in mobile com-
munication. Even in the case that an RF interface is changed, no
modification is necessary for RoF systems. With RoF technology,
the antenna need not be within the control area but can be sited
a lot of kms  away for the purpose of improved satellite visibility
or reduction in interference from other terrestrial communication
systems.

This paper is divided into three sections. Some introductory
application areas of RoF technology are presented in Section 1

followed by Section 2 that presents the previous research work
on different schemes of optical millimeter-wave generation, chal-
lenges and their mitigation schemes in RoF technology and finally,
the conclusion is reported in Section 3.
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http://www.sciencedirect.com/science/journal/00304026
http://www.elsevier.de/ijleo
mailto:s_amarpal@yahoo.com
dx.doi.org/10.1016/j.ijleo.2011.02.031


ptik 12

2

u
o
u
o
w
m
n
m
t
o
w
s
t
p
I
k
p
w
t
p
G
w
e
e
u
t
s
f
r
t
s
i
M
o
b
i
t
l
m
o
n
c
a
t
w

F
e

V. Sharma et al. / O

. Challenges and mitigation methods in ROF technology

Several methods have been reported for the generation of mod-
lated RF optical carriers in fiber-wireless systems. These include
ptical heterodyne [3] and self-heterodyne techniques [4],  and
sing pulsed lasers [5,6]. However, the simplest technique for the
ptical generation and distribution of the RF signal modulated
ith data is an intensity modulation scheme via direct or external
odulation of a laser in which the RF signals are either exter-

ally or directly modulated onto the optical carrier. These optically
odulated RF signals, then, are transported over an analog pho-

onic link. This approach leads to a simple BS unit design which
nly requires optical-to-electrical conversion and RF amplification
hile enabling centralized control and management of the wireless

ignals. However, another schemes employed a single optoelec-
ronic device, which is electroabsorption modulator that acts as a
hotodiode for the downlink and as a modulator for the uplink.

t also replaces the laser, photodiode, circulator [7–10] and thus,
nown as electro-absorption transceiver. A new scheme is pro-
osed [11] to generate double-sideband optical millimeter-wave
ith signal carried only by optical carrier that leads to the lit-

le influence of time shift of the sidebands on its transmission
erformance and suffered by fading effect only. The downlink 2.5-
b/s data is successfully transmitted over 20-km single mode fiber
ith less than 0.15-dB power penalty by using four-wave-mixing

ffect in semiconductor optical amplifier for millimeter-wave gen-
ration in a millimeter wave radio-over-fiber system [12] and by
sing multiple-frequency Brillouin fiber-ring laser [14]. To increase
he capacity and mobility of future-proof contents delivery and
erve both fixed and mobile users, a new scheme to generate
requency-diversity binary phase shift keying (BPSK) signals for
adio-over-fiber (RoF) system is proposed [13]. This duplex RoF sys-
em can generate 20 GHz and 40 GHz millimeter-wave (mm-wave)
ignals simultaneously with the data rate of 1.25 Gbps employ-
ng only one electrical optical phase modulator (EOPM) and one

ach–Zehnder modulator (MZM)  at the central station and with
ne additional MZM  at the base station. The OSSB signal generated
y conventional modulation scheme experiences much distortion

n the RF signal at the base station (BS) when the RF modula-
ion index is large. The performance of such transmission links is
argely improved in single-channel and dense wavelength-division

ultiplexing (DWDM) cases with suppression of undesired higher
rder harmonics by using a novel Mach–zehnder modulation tech-
ique [15] which employs a 1 × 4 multimode interference MMI

oupler and four optical phase-modulator waveguides to gener-
te optical single sideband (SSB) signals in radio-over-fiber (ROF)
ransmission link. The other schemes involve optical millimeter-
ave generation and transmission for 1.25 Gbps downstream link

ig. 1. Dispersion induced RF power degradation versus optical distances at differ-
nt RF frequencies with ˛MZ = −3 using single-electrode MZM  modulator.
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using a gain switched laser [16], a 64 GHz optical millimeter-wave
generation via a nested LiNbO3 Mach–Zehnder modulator with an
8 GHz local oscillator [17], using one dual-parallel MZM with optical
carrier suppression [18], without carrier suppression [20] and via
frequency 12-Tupling [19]. The study has revealed that RF signals
experience a number of inevitable signal impairments in RoF links
such as non linear distortion consist of harmonic distortions (HDs)
and intermodulation distortions (IMDs), both of which come from
the nonlinear modulation characteristics of the optical modulators
which leads to reduce dynamic range. In addition, the impact of
fiber chromatic dispersion on the transported RF signals becomes
more pronounced with increasing RF carrier frequency as shown
in Fig. 1. A number of different strategies have been proposed and
demonstrated to measure and overcome these impairments.

2.1. Impact of chromatic dispersion and its mitigation

In conventional intensity modulation (IM), the optical carrier
is modulated to generate an optical field with the carrier and two
sidebands. At the optical receiver, each sideband beats with the
optical carrier, thereby generating two beat signals which construc-
tively interfere to produce a single component at the RF frequency.
However, if the signal is transmitted over fiber, chromatic disper-
sion causes each spectral component to experience different phase
shifts depending on the fiber-link distance, modulation frequency,
and the fiber-dispersion parameter. These phase shifts result in rel-
ative phase differences between the carrier and each sideband, and
produce a phase difference in the two beat signals at the RF fre-
quency, which results in a power degradation of the composite RF
signal. The phase changes in the optical sidebands change the resul-
tant phase of the RF beat signals and the RF power, Prf will vary
[21–23] as

Prf ∝ cos

[
�.L.D.�2.f 2

c

]
(1)

where D = fiber dispersion parameter in ps/nm/km, c is the velocity
of light in a vacuum, L = fiber transmission length, frf = RF carrier fre-
quency, and � = carrier wavelength. From the results given by Eq.
(1), it can be seen that the RF power varies in a periodic manner
with complete power suppression occurring at specific modulat-
ing frequencies and at phase difference of �. Also, as RF frequency
increases, the effect of dispersion becomes more pronounced and
the fiber-link distance is severely limited [21–23].

Various techniques have been proposed and demonstrated to
mitigate fiber dispersion effects in RoF system including Up/Down
Conversion techniques [24–28] where the IF signals is transmit-
ted over optical fiber instead of RF signal and deals with minimum
fiber dispersion induced power degradations as the transmission
of IF-band optical signal is almost free from the fiber dispersion
effect. But, unfortunately, these techniques add an additional cost
to the system because of addition devices are involved such as mm-
wave oscillator along with a high conversion efficiency RF mixer
designed with use of high bandwidth and fast mixing elements such
as metal semiconductor metal photo-detector (MSM-PD), high
electron mobility transistor (HEMT), hetero-junction bipolar pho-
totransistor (HPT), and hetero-junction bipolar transistor (HBT).
Incorporating of high speed external modulators such as electro-
absorption modulator (EAM) in RoF system design [29–33] leads
a simple configuration and can support high frequency RF signals.
By varying the chirp parameter of a dual-electrode Mach–Zehnder
external modulator (DEMZM) to give large negative chirp biased at

quadrature, dispersion induced power degradations is reduced in
fiber-wireless systems. The successful transmission of a 51.8 Mbps
BPSK data at 12 GHz over 80 km of standard single-mode fiber is
achieved with power penalty of less than 0.5 dB due to dispersion
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generations of single- and two-tone RoF systems have been studied
ig. 2. Reduction and measurement of dispersion effect (a) using OSSB technique
27] and by minimizing laser spectral width [29] with (b) chirp = 0, (c) chirp = −1
nd (d) chirp = −3.

or a BER equal to 10−9 by implementing a DEMZM to generate
n optical carrier with single sideband (SSB) modulation [29,30].
ith minimum laser spectrum widths of light sources in such sys-

ems, a BER power penalty due to fiber dispersion can be further
educed [32] as shown in Fig. 2. Together with tolerance to disper-
ion, these approaches potentially provide simple implementation
nd high linearity but are suffered from high insertion-, RF return-
oss, frequency chirping, require high drive voltage and thus, have
o pay a fixed 6 dB power penalty. To save this additional power
equirement, the biasing of the electro-optical modulator is done at
he minimum transmission point, instead of biasing at the quadra-
ure point which results in an increased frequency-length product
n millimeter-wave optical systems [34]. Using optical carrier sup-
ression technique [34,35],  a feasible solution for the future RoF
ased optical-wireless access networks can be realized, provid-

ng a successful transmission of 2.5 Gbps data for bidirectional

ransmission over 40 km with less than 2 dB power penalty due
o dispersion. These schemes has very simple and cost-efficient
onfiguration, high spectral efficiency due to using the same wave-
3 (2012) 338– 342

length, and good performance on long-distance transmission. In
addition to the above mentioned techniques, external filtering with
use of fiber grating can be used to produce single-sideband optical
modulation for the elimination of the fiber dispersion penalty on
conventional external optical intensity modulation at millimeter-
waves [36–39].  A filter designed with three dynamic Bragg gratings
that is controlled by the input optical double sideband signal
itself, which makes it independent of the modulated optical car-
rier wavelength and generate SSB signals may  be used to mitigate
the power degradation due to chromatic dispersion [38] and an
Arrayed Waveguide Grating (AWG) device that act as a wavelength
multiplexer of the different optical channels and SSB generator
can also be used for very high frequencies (>20 GHz) to provide
an elimination of the career suppression effects (CSE) [39]. The
fiber nonlinearities such self phase modulation (SPM) and Four
wave mixing (FWM)  are also playing a vital role in reducing the
dispersion penalties [40–43].  A significant reduction of chromatic
dispersion effects is achieved by generating a chirp distortion effect
by using SPM effect of fiber opposite to that induced by the chro-
matic dispersion [40] or by generating of a phase-conjugated wave
by means of FWM  in a DSF placed at the midspan of the fiber-optic
link [41] or by using midspan optical-phase conjugation [43]. The
Optical Heterodyne schemes [44,45] also offer minimum fiber dis-
persion effect with high intensity of modulation depth and provide
high link gain with high carrier-to noise ratio (CNR) but add more
complexity in system designing as it includes complicated light
sources.

2.2. Nonlinear distortion and its mitigation

In RoF architecture, data signals are generated at CS unit, mod-
ulated onto an optical carrier, sent over optical fiber to many
base stations (BSs), and then transmitted over the air to users. It
is expected that these broadband hybrid radio/fiber systems will
divide the available radio spectrum into a number of channels
for broadcasting and the RF bands to be used will be higher than
the 2.4 GHz RF band to be used for 3 G systems. Taking these two
points into account, it is clear that a major problem that may be
encountered in these networks will be nonlinearity problems of
the various devices used. The systems that use direct modulation of
the laser transmitter with the multi-channel RF signal, the dynamic
nonlinearity of the laser diode may  impose serious limitations on
the system performance due to inter-modulation distortion (IMD)
effects. A vast research work has been done to reduce this non lin-
earity problem. One method of reducing the nonlinearity of laser
diodes is the use of external injection into the directly modulated
laser from a second laser source. Under external injection con-
ditions, the relaxation frequency of the laser may be increased
significantly and the modulation response at lower frequencies can
be made significantly more linear than that without external injec-
tion [46–50].  This helps in reducing IMD problems. In this case,
the greatly improved system performance is due to the enhanced
modulation response of the laser at RF band employed in the hybrid
system. However, the nonlinear response of the laser with external
injection may  still cause problems for multi-carrier radio-over-
fiber systems. By linearization of the lasers-modulation response,
an improvement of 2 dB is achieved of a multi-carrier radio-over-
fiber system operating at a frequency of 6 GHz [50]. Further, a vector
control theory (VCT) based circuit [51] provides the third-order
inter modulation (IMD3) suppression for two-tones by maximum
38 dB even after 20 km regardless of distance or dispersion. To
improve the link performance, the second- and third-harmonic
and minimized using external-laser modulation techniques with
EDFA [52,53] as shown in Fig. 3. To minimize the nonlinear effects
from optoelectronic conversion, the amplitude of the drive signals
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Fig. 3. Harmonic distortion (HD) measurement of two  tone RoF system [52] at
c
(

n
t
l
t
p
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for  fiber-radio systems using a dual-mode DFB semiconductor laser, IEEE Trans.
hirp = 0 with (a) EDFA with external modulation, (b) SOA with external modulation,
c) EDFA with direct modulation and (d) SOA with external modulation.

eed to be kept low and RoF signals experiences a weak modula-
ion due to the narrow linear region of intensity modulators which
eads to low conversion efficiency and thus, reduced the carrier-

o-side band ratio. To improve the link performance, the optical
ower of the signals can be increased by using a high power optical
ource or an optical amplifier; however, this may  lead to increase
3 (2012) 338– 342 341

the inter-modulation distortions at the receiver or even damage
the receiver due to a large optical power incident on the optical
detector. Due to the inherent low modulation efficiency at mm-
wave frequencies, the mm-wave radio signals are typically weakly
modulated onto the optical carrier which leads to a relatively large
carrier to-sideband ratio. The modulation depth improvements of
RoF system can be achieved to improve system dynamic range and
to reduce carrier to-sideband ratio of the mm-wave modulated sig-
nal to be operated slightly above the SBS threshold to use SBS as
a carrier filter to reject the carrier while allowing the modulation
sidebands to pass with low loss [54,55]. Efficiency improvements
can be achieved by employing an external delay line filter with
MZM modulator biasing at quadrature [56] and by carrier subtrac-
tion method using a Fabry–Perot filter operating in the reflection
mode [57]. Both of these techniques increase the fiber-optic link
efficiencies by increasing the modulation depth. But, the second
order distortion products increase rapidly as the bias is shifted
towards the null, which restricts the usefulness to sub-octave appli-
cations. The optical power at the quadrature bias point is 13 mW,
which exceeds the limitation of photodiode.

An alternative method of carrier filtering is used that uses a feed-
back loop to control the MZ  biasing to produce the photocurrent of
1.5 mA.  The idea is to bias the MZM  away from quadrature towards
the minimum transmission point. The bias shift method of carrier
filtering introduces low loss, and fewer components involvement
compared with using an external filter.

A number of techniques have been proposed for increasing the
modulation of the mm-wave modulated signals including Brillouin
scattering schemes and the use of external optical filters which
adds not only the system complexity but also cannot be applied to
a wide range of signal formats, modulation depths, and radio fre-
quencies. Therefore, the simple and inexpensive passive techniques
using narrowband fiber Bragg grating with different reflectivities
for increasing the modulation depth to provide better transmis-
sion performance for radio over fiber systems are reported [59–61].
These techniques are applicable to a wide range of radio frequencies
and modulation depths and thus, can be applied in a conventional
downstream link and also for the upstream in a wavelength-reused
scheme. Further, the performance of the fiber-wireless links can be
significantly improved when the optical signal is transmitted at the
optimum CSR of 0 dB [62].

3. Conclusion

A comprehensive review of research in the area of radio-over-
fiber (RoF) systems on the challenges that exist within the RoF
link and strategies to mitigate these various optical impairments to
enhance the overall link performance is presented in this work. The
main focus of this work is to put attention towards the realization
of future high performance integrated networks, mobile broadband
distribution and access networks by reviewing the past few year
efforts in the area of impairments associated with RoF links and its
mitigation techniques.

References

[1] Ng’oma, Design of a radio-over-fiber system for wireless LANs, Report Number:
tue  wp6 pub 02 v01, July 5, 2002.

[2] E. Sackinger, Broadband Circuits for Optical Fiber Communication, John Wiley
&  Sons, 2005, p. 11.

[3] G.J. Simonis, K.G. Purchase, Optical generation, distribution, and control of
microwaves using laser heterodyne, IEEE Trans. Microwave Theory Technol.
38 (May) (1990) 667–669.

[4] D. Wake, C.R. Lima, P.A. Davies, Optical generation of millimeter-wave signals
Microwave Theory Technol. 43 (September) (1995) 2270–2276.
[5] D. Novak, Z. Ahmed, R.B. Waterhouse, R.S. Tucker, Signal generation using

pulsed semiconductor lasers for application in millimeter-wave wireless links,
IEEE  Trans. Microwave Theory Technol. 43 (September) (1995) 733–734.



3 ptik 12

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

with optimized modulation, IEEE J. Lightwave Technol. 24 (4) (2006)
42 V. Sharma et al. / O

[6]  D. Kim, M.  Pelusi, Z. Ahmed, D. Novak, H.F. Liu, Y. Ogawa, Ultra-stable
millimeter-wave signal generation using hybrid mode-locking of a monolithic
DBR laser, Electron. Lett. 31 (1995) 733–734.

[7]  L.D. Westbrook, D.G. Moodie, Simultaneous bidirectional analogue fiber optic
transmission using an electro-absorption modulator, Electron Lett. 47 (7)
(1996) 1806–1807.

[8] A. Stohr, K. Kitayama, D. Jager, Full-duplex fiber-optic RF subcarrier transmis-
sion using a dual-function modulator/photodetector, IEEE Trans. Microwave
Theory Technol. 47 (July (7)) (1999) 1338–1341.

[9] T. Kuri, K. Kitayama, Y. Takahashi, 60-GHz-band full-duplex radio-on-fiber sys-
tem  using two-RF-port electro-absorption transceiver, IEEE Photonics Technol.
Lett. 12 (April (4)) (2000) 419–421.

10] T. Kurniawan, A. Nirmalathas, C. Lim, D. Novak, R. Waterhouse, Performance
analysis of optimized millimeter-wave fiber radio links, IEEE Trans. Microwave
Theory Tech. 54 (2) (2006) 921–928.

11] Jianxin Ma,  J. Yu, Chongxiu Yu, Xiangjun Xin, Huiying Huang, Lan Rao, Gener-
ation and transmission of the double-sideband optical millimeter-wave with
signal carried only by optical carrier, Opt. Commun. 281 (May (10)) (2008)
2799–2805.

12] Tianliang Wang, Minghua Chen, Hongwei Chen, Shizhong Xie, RoF downlink
transmission system using FWM  effect of SOA for generating mm-wave, Opt.
Commun. 282 (August (16)) (2009) 3360–3363.

13] Jie Yin, Kun Xu, Da-peng Wang, Jin-tong Lin, A novel scheme to generate multi-
band millimeter wave signals for 40 GHz full duplex radio-over-fiber system, J.
Chin Uni. Posts and Telecommun. 16 (September (1)) (2009) 62–65.

14] Ying Wang Shen, Rong Pu Tao, A novel technique to generate microwave signal
based on multiple-frequency Brillouin fiber-ring laser, in: Communications and
Photonics Conference and Exhibition, ACP-2009, 2009, pp. 1–2.

15] Jian Gong Zhao, ZengJi Liu, XiangLing Liu, Tao Shang, Peng Yue, Generation
of  radio signals using a novel Mach–Zehnder modulator with four arms, Opt.
Commun. 282 (November (22)) (2009) 4353–4357.

16] P. Perry, L.P. Barry, Optical millimeter-wave generation and transmission sys-
tem  for 1.25 Gbit/s downstream link using a gain switched laser, Opt. Commun.
282 (December (24)) (2009) 4789–4792.

17] J. Ma,  J. Yu, C. Yu, X. Xin, X. Sang, Q. Zhang, 64 GHz optical millimeter-wave
generation by octupling 8 GHz local oscillator via a nested LiNbO3 modulator,
Opt. Laser Technol. 42 (March (2)) (2010) 264–268.

18] X. Liu, Z. Liu, J. Li, T. Shang, J. Zhao, Generation of optical carrier suppression
millimeter-wave signal using one dual-parallel MZM  to overcome chromatic
dispersion, Opt. Commun. 283 (August (16)) (2010) 3129–3135.

19] P.-T. Shih, J. Chen, C.T. Lin, W.J. Jiang, H.-S. Huang, P.-C. Peng, S. Chi, Opti-
cal  millimeter-wave signal generation via frequency 12-Tupling, J. Light wave
Technol. 28 (1) (2010) 71–78.

20] H.-C. Chien, Y.-T Hsueh, A. Chowdhury, J. Yu, G. Chang, G.-K. Chang, Optical
millimeter-wave generation and transmission without carrier suppression for
single- and multi-band wireless over fiber applications, J. Light wave Technol.
28  (16) (2010) 2230–2237.

21] G.J. Meslener, Chromatic dispersion induced distortion of modulated
monochromatic light employing direct detection, IEEE J. Quantum Electron.
20 (10) (1984) 1208–1216.

22] H. Schmuck, Comparison of optical millimeter-wave system concepts with
regard to chromatic dispersion, Electron. Lett. 31 (21) (1995) 1848–1849.

23] U. Gliese, S. Ngrskov, T.N. Nielsen, Chromatic dispersion in fiber-optic
microwave and millimeter-wave links, IEEE Trans. Microwave Theory Tech.
47 (10) (1996) 1716–1724.

24] K.J. Williams, R.D. Esman, Optically amplified down-converting link with shot-
noise-limited performance, IEEE Photonics Technol. Lett. 8 (1) (1996) 148–150.

25] C.K. Sun, R.J. Orazi, S.A. Pappert, Efficient microwave frequency conversion
using photonic link signal mixing, IEEE Photonics Technol. Lett. 8 (1) (1996)
154–156.

26] R. Helkey, J.C. Twichell, C. Cox, A down-conversion optical link with RF gain,
IEEE J. Lightwave Technol. 15 (6) (1997) 956–961.

27] G.H. Smith, D. Novak, Broadband millimeter-wave fiber-radio network incor-
porating remote up/down conversion, in: Microwave Symposium Digest, IEEE
MTT-S, vol. 3, 1998, pp. 1509–1512.

28] K. Kitayama, R.A. Griffin, Optical down-conversion from millimeter-wave to IF-
band over 50-km-long optical fiber link using an electro-absorption modulator,
IEEE Photonics Technol. Lett. 11 (2) (1999) 287–289.

29] G.H. Smith, D. Novak, Z. Ahmed, Optimization of link distance in fiber-radio
systems incorporating external modulators, in: Proc. Australian Conf. Opt. Fiber
Technol., Gold Coast, Australia, December, 1996, pp. 141–144.

30] G.H. Smith, D. Novak, Z. Ahmed, Overcoming chromatic-dispersion effects
in  fiber-wireless systems incorporating external modulators, IEEE Trans.
Microwave Theory Tech. 45 (8) (1997) 1408–1415.

31] S. Walklin, J. Conradi, Effect of Mach–Zehnder modulator DC extinction ratio
on  residual chirp-induced dispersion in 10-Gb/s binary and AM-PSK duobi-
nary light wave systems, IEEE Photonics Technol. Lett. 9 (10) (1997) 1400–
1402.

32] V. Sharma, A. Singh, A.K. Sharma, Simulative investigation on the impact of
laser-spectral width in single-tone radio-over-fiber transmission system using
optical single side-band technique, Opt. Lasers Eng. Elsevier 47 (11) (2009)

1145–1149.

33] R.A. Griffin, P.M. Lane, J.J. O’Reilly, Dispersion-tolerant subcarrier data mod-
ulation of optical millimeter-wave signals, Electron. Lett. 32 (24) (1996)
2258–2260.

[

3 (2012) 338– 342

34] J.M. Fuster, J. Marti, J.L. Corral, Chromatic dispersion effects in electro-optical
up-converted millimeter wave fiber optic links, Electron. Lett. 33 (23) (1997)
1969–1970.

35] Z. Jia, J. Yu, G.-K. Chang, A full-duplex radio-over-fiber system based on opti-
cal  carrier suppression and reuse, IEEE J. Lightwave Technol. 18 (16) (2006)
1726–1728.

36] J. Park, W.V. Sorin, K.Y. Lau, Elimination of the fiber chromatic dispersion
penalty on 1550 nm millimeter wave optical transmission, Electron. Lett. 33
(6)  (1997) 512–513.

37] J. Marti, J.M. Fuster, R.I. Laming, Experimental reduction of chromatic dispersion
effects in lightwave microwave/millimeter-wave transmissions using tapered
linearly chirped fibre gratings, Electron. Lett. 33 (13) (1997) 1170–1171.

38]  E. Vourch, D. Le Berre, D. Herve, Lightwave single sideband wavelength self-
tunable filter using InP:Fe crystal for fiber-wireless systems, IEEE Photonics
Technol. Lett. 14 (2) (2002) 194–196.

39] J. Capmany, D. Pastor, P. Munoz, S. Sales, B. Ortega, A. Martinez, WDM-
SSB  generation and dispersion mitigation in radio over fiber systems with
improved performance using an AWG  multiplexer with flat top resonances,
Proc. Microwave Photonics (2003) 39–42.

40] F. Ramos, J. Marti, V. Polo, J.M. Fuster, On the use of fiber-induced self-phase
modulation to reduce chromatic dispersion effects in microwave/millimeter-
wave optical systems, IEEE Photonics Technol. Lett. 10 (10) (1998) 1473–1475.

41] F. Ramos, J. Marti, V. Polo, Compensation of chromatic dispersion effects in
microwave/millimeter-wave optical systems using four-wave-mixing induced
in  dispersion-shifted fibers, IEEE Photonics Technol. Lett. 11 (9) (1999)
1171–1173.

42] P.C. Won, W.  Zhang, J.A.R. Williams, Self-phase modulation dependent dis-
persion mitigation in high power SSB and DSB + dispersion compensated
modulated radio-over-fiber links, Proc. IEEE MTTS IMS  (2006) 1947–1950.

43] J. Marti, F. Ramos, Compensation for dispersion-induced nonlinear distortion
in subcarrier systems using optical-phase conjugation, Electron. Lett. 33 (9)
(1997) 792–794.

44] R. Hofstetter, H. Schmuck, R. Heidemann, Dispersion effects in optical
millimeter-wave systems using self-heterodyne method for transport and gen-
eration, IEEE Trans. Microwave Theory Technol. 43 (9) (1995) 2263–2269.

45] R. Braun, G. Grosskopf, D. Rohde, F. Schmidt, Low-phase-noise millimeter-wave
generation at 64 GHz and data transmission using optical sideband injection
locking, IEEE Photonics Technol. Lett. 10 (5) (1998) 728–730.

46] G. Yabre, J. LeBihan, Reduction of nonlinear distortion in directly modulated
semiconductor lasers by coherent light injection, IEEE J. Quantum Electron. 33
(7) (1997) 1132.

47] Kaszubowska, P. Anandarajah, L.P. Barry, Enhanced performance of an opti-
cally fed microwave communication system using a directly modulated laser
transmitter using external injection, in: IEEE/LEOS Annual Meeting, LEOS, vol.
1,  2001, p. 314.

48] X.J. Meng, D.T.K. Tong, T. Chau, M.C. Wu,  Demonstration of an analog fiber-optic
link employing a directly modulated semiconductor laser with external light
injection, IEEE Photonics Technol. Lett. 10 (11) (1998) 1620.

49] F. Smyth, L.P. Barry, Overcoming distortion limitations in hybrid radio/photonic
systems for the distribution of WCDMA  signals, Springer J. Electr. Eng. 85 (4)
(2003) 191.

50] F. Smyth, A. Kaszubowska, L.P. Barry, Overcoming laser diode nonlinearity
issues in multi-channel radio-over-fiber systems, Opt. Commun. 231 (1–6)
(2004) 217–225.

51] S.-H. Park, Y.W. Choi, Significant suppression of the third inter-modulation
distortion in transmission system with optical feedback forward linearized
transmitter, IEEE Photonics Technol. Lett. 17 (6) (2005) 1280–1282.

52] V. Sharma, A. Singh, A.K. Sharma, Simulative investigation of non linear distor-
tion in single- and two-tone RoF system using direct- and external-modulation
techniques, Optik 121 (2010) 1545–1549.

53] V. Sharma, A. Singh, A.K. Sharma, Simulative investigation of the impact of EDFA
&  SOA over BER of a single-tone RoF system, Optik 121 (14) (2010) 1280–1284.

54] K.J. Williams, R.D. Esman, Stimulated Brillouin scattering for improvement of
microwave fiber-optic link efficiency, Electron. Lett. 30 (23) (1994) 1965–1966.

55] S. Tonda-Goldstein, D. Dolfi, J.-P. Huignard, G. Charlet, J. Chazelas, Stimulated
Brillouin scattering for microwave signal modulation depth increase in optical
links, Electron. Lett. 36 (11) (2000) 944–946.

56] M.J. LaGasse, W.  Charczenko, M.C. Hamilton, S. Thaniyavarn, Optical carrier
filtering for high dynamic range fiber optic links, Electron. Lett. 30 (25) (1994)
2157–2158.

57] R.D. Esman, K.J. Williams, Wideband efficiency improvement of fiber optic sys-
tems by carrier subtraction, IEEE Photonics Technol. Lett. 7 (2) (1995) 218–220.

59] C. Lim, M. Attygalle, A. Nirmalathas, D. Novak, R. Waterhouse, Optical modu-
lation depth analysis for improving transmission performance in fiber-radio
links, IEEE Int. Topical Meeting on Microwave Photonics (2004) 89–92.

60]  M.  Attygalle, C. Lim, G.J. Pendock, A. Nirmalathas, G. Edvell, Transmission
improvement in fiber wireless links using fiber Bragg gratings, IEEE Photonics
Technol. Lett. 17 (1) (2005) 190–192.

61] M.  Attygalle, C. Lim, A. Nirmalathas, Extending optical transmission
distance in fiber wireless links using passive filtering in conjunction
1703–1709.
62] C. Lim, M.  Attygalle, A. Nirmalathas, D. Novak, R. Waterhouse, Analysis of

optical carrier-to-sideband ratio for improving transmission performance in
fiber-radio links, IEEE Trans. Microwave Theory Tech. 54 (5) (2006) 2181–2187.


	Challenges to radio over fiber (RoF) technology and its mitigation schemes – A review
	1 Introduction
	2 Challenges and mitigation methods in ROF technology
	2.1 Impact of chromatic dispersion and its mitigation
	2.2 Nonlinear distortion and its mitigation

	3 Conclusion
	References


