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Abstract— Advanced cost reduction and performance improvement techniques conceived for Radio Over Fiber (ROF) communications are considered. ROF techniques are expected to form
the backbone of the future 5G generation of wireless networks.
The achievable link performance and the associated deployement
cost constitute the most salient metrics of a ROF architecture. In
this paper, we commence by providing a rudimentary overview
of the ROF architecture and then elaborate on ROF techniques
designed for improving the attainable system performance. We
conclude by describing the ROF techniques conceived for reducing the ROF system installation costs.
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I. I NTRODUCTION
Due to the proliferation of various high-bandwidth applications, the most benign, low frequency radio spectrum is
becoming over-crowded. A natural option is to use higher carrier frequencies, such as for example millimeter-waves (mmwaves) at say 60 GHz, where these high-frequency carriers
have a potentially high bandwidth, but are characterized by a
low wireless propagation range [1]. Therefore, a large number
of Radio Access Points (RAPs) are required for providing
seamless coverage. In order to cope with the increasing
bandwidth demand per user, network operators often have to
split the existing cells into smaller cells. However, increasing
the number of base-stations is not always a feasible option due
to the higher infrastructure costs involved [2].
One of the major access network solutions for future highbandwidth wireless communication systems is based on optical
fibers for the transmission of radio signals between the Base
Station (BS) and RAPs, which is generally referred to as a
Radio Over Fiber (ROF) solution [2], [3], [4], [5], [6]. Fig.
1 shows the simplified diagram of a ROF link, where the
wireless Radio Frequency (RF) signal is converted into an
optical signal in an electrical-to-optical (E-O) converter at the
BS [7]. The optical signal is transmitted through the fiber
and detected at the RAP, where an optical-to-electrical (O-E)
converter recovers the original RF signal, which is amplified
and transmitted from the RAP antenna to the Mobile Station
(MS), as shown in Fig. 1.
Fig. 2 shows two cellular architectures, namely one with
and one without using ROF assistance. Fig. 2(a) represents
the existing cellular systems that are based on macrocells,
while Fig. 2(b) is a futuristic cellular architecture that relies
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Fig. 2. Cellular Architecture (BS- Base Station; RAP- Radio Access Point;
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on a ROF backhaul designed for supporting smaller cells.
The architecture seen in Fig. 2(a) has a lower-quality wireless
coverage, a lower power efficiency and a limited ability to
use small cells, whilst these challenges are overcome in the
architecure of Fig. 2(b) at the added cost of laying more fiber,
as discussed below.
As seen from Fig. 1 and Fig. 2, ROF solutions belong to the
family of hybrid techniques, since they rely on both optical
and wireless communication. The advantage of a ROF system
is its ability to amalgamate the benefits of these two diverse
communication techniques. Explicitely, the advantages of an
ROF system can be summarised as follows [8], [9], [10].
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Fig. 3. Block diagram of a ROF link (BS- Base Station; RAP- Radio Access Point; MS- Mobile Station; BPF- Band Pass Filter; DSP- Digital Signal
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1. Low fiber attenuation: The low attenuation of glass
optical fiber1 (0.2 dB/Km) effectively facilitates the creation
of a geographically distributed large system of antennas that
are connected to the central BS, as shown in Fig. 2(b), where
the BS is connected to four RAPs via optical fiber. This
architecture is referred to as a Distributed Antenna System
(DAS) [5], where each BS supports a large geographical
coverage area by using optical fibers as long as 30 Km without
amplification.
2. Large fiber bandwidth: The optical fiber is characterised
by large bandwidths and we will discuss the techniques that
exploit this large bandwidth in Section IV of this manuscript.
3. Economically viable small cells: In a ROF system, each
BS serves a number of RAPs as shown in Fig. 2(b), where
centralised signal processing takes place at the BS, while the
RAPs have a low cost, hence reducing the cost of setting up
a cellular system that employs small cells [11]. This is one of
the major aims of the architectures and techniques discussed in
Sections II and VI of this paper. Moreover, the concentration
of most of the signal processing tasks in the BS ensures that
upgrades in technology and hardware may be readily carried
out in conjunction with efficient dynamic resource allocation
techniques [12].
4. Improved wireless coverage: As shown in Fig. 2(a),
there exists regions that do not receive the wireless signal with
sufficient field strength in the existing cellular architecture.
The area of these low-signal-strength regions is minimized in
a ROF assisted cellular architecture, as shown in Fig. 2(b) [2].
5. Ability to implement Multiple Input Multiple Output
(MIMO) schemes [13]: The wireless communication schemes
that employ multiple transmitters and receivers for supporting
a single mobile user are referred to as MIMO schemes [14],
[15]. The parallel MIMO links either create multiple streams
and hence increase the achievable throughput, or provide a
diversity gain by exploiting the fact that each RF link fades
independently. The DAS architecture facilitates the design
of networks in which each MS of Fig. 2(b) is served by
1 The

multiple RAPs, as in the Co-ordinated Multipoint (CoMP)
architecture discussed in [8]. Thus, efficient MIMO schemes
may be constructed with the aid of a ROF network [3].
6. Power Efficiency: The deployement of smaller cells, as
is seen from Fig. 2(b), provides a stronger line of sight link
and ensures a lower wireless path loss [2]. Hence, a lower level
of wireless transmit power is needed at the RAPs, which has
the added advantage of reduced inter-cell interference [16].
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Fig. 4. Stylized representation of the design challenges involved in the design
of the ROF network

Fig. 4 illustrates the various design challenges of the ROF
network. For example, the deployement of higher RF frequencies results in higher fiber dispersion, which degrades the
Bit Error Ratio (BER). The BER may be reduced by using
dispersion compensation mechanisms, which however increase
the implementational complexity and cost of the system.
Alternatively, the BER may be reduced by using lower-order
modulation schemes, which would however reduce the overall
throughput. On the other hand, the overall throughput may
be improved by ensuring better optical spectral efficiency
through schemes like Dense Wavelength Division Multiplex-

terminology of glass optical fibers refers to fibers made from silica.
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ing (DWDM), which however would increase the implementational complexity and cost. The network outage rate or
probability featuring in Fig. 4 is defined as the proportion
of time for which the network is unable to serve the MSs.
A common reason for outage is that the RAP is overloaded
by a large number of MSs and hence it is unable to maintain
the minimum signal to interference plus noise ratio required
for communication with each MS [17]. The outage rate is
also increased by shadowing imposed by large obstructing
structures, as in Fig. 2(a) [17]. The network outage rate can
be reduced by having a larger number of RAPs, which would
reduce both shadowing as well as the load (or MSs) per
RAP. However, this would increase the system’s cost and
complexity. Thus, most design questions usually boil down to
a cost versus performance tradeoff. This manuscript presents
a range of techniques that are either aimed at cost reduction
or at performance improvement.

based backhaul is higher than that for a wireless backhaul,
especially when the terrain is rough and this cost increases
as the distance between the transmitter and receiver increases.
Finally, a fiber-based backhaul, unlike the wireless backhaul,
cannot be deployed or moved easily [18]. At this point it is
worth noting that a copper wire based backhaul has severe
bandwith restrictions and is being gradually phased out.
When employing the fiber-based backhaul, the designer has
two options, namely the standard digital fiber-based backhaul
or the ROF backhaul proposed in this paper. In case of the
digital PCM-over-fiber backhaul, each small cell of Fig. 2(b)
would need a fullfledged BS for detecting/transmitting the
wireless signal as well as for transmitting/detecting the bits
to/from the backhaul, which employs protocols like the Ethernet protocol. However, as discussed earlier, a ROF backhaul
will ensure that multiple cells are served by a single BS, as
shown in Fig. 2(b), thereby reducing the network’s installation
cost. Moreover, the ROF technique involves the transmission
of the analog RF signal to the BS and hence it will reduce the
latency, because the signal processing carried out in the RAP
is minimized. ROF is a potential backhaul technique for the
Long Term Evolution (LTE) advanced [19] [20] standard as
well as for future millimeter wave standards [21]. The fewer
BSs of a ROF assisted cellular network may be served by
a digital fiber optic backhaul or a wireless backhaul. At this
point, it is worth mentioning that standards like the Open Base
Station Architecture Initiave (OBSAI) ensure compatibility
between the different BS modules manufactured by different
companies, thereby resulting in cost savings.

Comparison with other backhaul techniques: Wireless
backhauls like the microwave backhaul are competing backhaul techniques. The advantage of the wireless backhaul is
that the installation cost does not scale significantly with the
distance between the transmitter and receiver. Moreover, a
wireless backhaul can be readily installed as well as disassembled and set up elsewhere [18]. However, a wireless backhaul
also suffers from several disadvantages. Firstly, it requires
wireless spectrum, which could otherwise have been employed
for wireless communication with mobile devices. Moreover, in
the case of a microwave backhaul, line of sight communication
is a necessity [18]. Finally, a wireless backhaul is influenced
by the climatic conditions [18]. On the other hand, a fiberbased backhaul does not require wireless spectrum and has
much higher usable bandwidth than the wireless backhaul.
Additionally, a fiber-based backhaul does not require line of
sight communication and it is not influenced by the climatic
conditions [18]. However, the installation cost of a fiber-

This paper firstly discusses the components and modulation
schemes of a basic ROF link in Sections II and III, repectively. A range of optical multiplexing techniques are then
described in Section IV, followed by a discussion on diverse
ROF link performance improvement techniques in Section
V. Afterwards, a discussion of cost reduction techniques is
3
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presented in Section VI, followed by our design guidelines and
conclusions in Sections VIII and IX, respectively. It must be
pointed out that throughout this paper, fi refer to frequencies,
while ωi refer to the corresponding angular frequency, which
are related as follows:
ωi = 2πfi .
II. ROF
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The block diagram of a typical ROF link is shown in Fig.
3 [7]. The downlink (DL) baseband (BB) signal is generated
in the BS and upconverted to the carrier frequency in order
to generate the RF signal. After the upconversion stage of
Fig. 3, E-O conversion is achieved by modulating the optical
carrier by the analog RF signal [22] [23] using the techniques
discussed in Section II-A. Then, as seen in Fig. 3, the signal
propagates through the fiber to the RAP. The various fiber
impairments that affect the propagating optical signal are discussed in Section II-B. At the RAP of Fig. 3, O-E conversion
is achieved using the techniques that will be discussed in
Section II-C, where the electronic signal generated by the O-E
conversion is filtered using a Band Pass Filter (BPF), in order
to obtain the RF signal. As shown in Fig. 3, this RF signal
is then amplified and transmitted wirelessly by the antenna to
the MS. During the uplink (UL) transmission, the RF signal
received by the RAP from the MS is bandpass filtered and
E-O converted in order to generate the optical UL signal,
which is then transmitted over the fiber and subsequently O-E
converted, followed by signal detection. It is worth mentioning
that the wireless system of Fig. 3 is also referred to as a FiWi system, whose basics have been discussed in [9], along
with a discussion of FiWi channel estimation and equalization
algorithms.
Fig. 5 shows the trade-offs in the design of a conventional
ROF link, including the various design options in the optical
transmitter, optical fiber link, optical receiver and in optical
multiplexing. These design options present the designer with
a cost versus performance trade-off. The techniques shown in
Fig. 5 are discussed in this Section (Section II) as well as in
Sections III and IV.

Fig. 6.

(b) Power vs. drive current curve of a laser

Direct modulation (LD- Laser Diode; RF Tx- RF Transmitter)

modulation of lasers. Fig. 6(b) illustrates the Power vs. Current
(P-I) characteristic of a laser, showing in a stylized manner
the output optical power level for different values of the drive
current. Within the linear region of the P-I characteristic in
Fig. 6(b), the output power is related to the drive current as
follows: P (t) = k(Idrive − Ith ) = k(Ibias + IRF (t) − Ith ),
where Ith is the threshold current of the laser, Ibias is the
bias current, IRF (t) is the modulating RF signal, while k is
the proportionality constant that depends on the laser source
employed.
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As shown in Fig. 3, E-O conversion is performed by optical
modulation. Modulation of the optical carrier can be achieved
by either directly modulating the optical source or by using a
separate optical modulator. These two techniques are typically
referred to as direct modulation and external modulation,
respectively.
In direct modulation, a Laser Diode (LD) is driven by a
current Idrive in order to generate an optical output [24]. As
shown in Fig. 6(a), modulation of the optical output power1
of a laser can be inexpensively accomplished by varying the
drive current level using an electronic RF Transmitter, referred
to as RF Tx in Fig. 6(a). This is normally referred to as direct

Fig. 7 plots the modulation response versus the modulation
frequency, where the modulation response at fm Hz is the
strength of the modulated signal when a sinusoidal modulating
signal having a frequency of fm Hz is employed. As seen from
Fig. 7, the modulation response peaks at fm = fr , beyond
which the modulation response decreases dramatically. Here,
fr is called the relation resonance frequency and it decides the
3-dB modulation bandwidth f3dB of the laser, where f3dB =
√
3fr [24]. The designer should ensure that the modulating
current has frequencies which are well below fr .
Furthermore, the optical carrier is a sinusoidal signal, also
often referred to as a tone, that has an amplitude, phase and
frequency. The Frobenius norm of the tone is referred to as

1 Optical power can also be measured in terms of optical intensity, which
is defined as the optical power per unit area
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the intensity. Both the intensity [25] and the angle [26] of the
optical carrier can be modulated using external modulators.
External intensity modulation can be implemented using a
Mach-Zehnder Modulator (MZM) or an Electro-Absorption
Modulator (EAM).
A MZM [27] is one of the popular optical external modulators, where the incoming signal is split into two arms, as
shown in Fig. 8. The MZMs, which apply a drive voltage to
either one or to both of the arms are referred to as singledrive and dual-drive MZMs, respectively. The output optical
field Esingle (t) of a single-drive MZM that is biased at a
voltage of Vbias and driven by an electronic signal V (t) can
be represented as follows:
√
πVbias
πV (t)
1
Esingle (t) = [ej( Vπ + Vπ ) + 1] 2Pin ejωc t
2
(t) √
πV (t) j( πV2Vbias + πV
πVbias
2Vπ )
π
+
)e
= cos(
2Pin ejωc t , (2)
2Vπ
2Vπ
where fc is the optical carrier frequency, Vπ is the switching
voltage of the MZM and Pin is the ouput optical power of the
laser feeding the MZM. The switching voltage of a MZM is
the voltage that changes the phase of the propagating signal by
π radians, when applied to the arm of a MZM. In the case of
the dual-drive MZM of Fig. 8, the bias voltage Vbias is applied
differentially via voltages Vdc1 and Vdc2 , while the modulating
voltage V (t) is applied differentially via the voltages V1 (t) and
V2 (t). Mathematically, this is formulated as follows: Vbias =
Vdc1 − Vdc2 and V (t) = V1 (t) − V2 (t). The output optical field
of the dual-drive MZM is given by the following equation:

Output Power

Output Power
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(a) MZM transmittance
(b) MZM bias points
Fig. 9. Biasing for Mach-Zehnder Modulator (MZM) (MATP- Maximum
Transmission Point; QP- Quadrature Point; MITP- Minimum Transmission
Point )

corrupting the signal that was transmitted using intensity
modulation. The chirp in a dual-drive scenario is adjustable,
where the dual-drive MZM modulation scheme of Fig. 8 would
be chirp free if we have: V1 (t) = −V2 (t) = V 2(t) . This is
referred to as the push-pull mode of operation, because the
voltages V1 (t) and V2 (t) are equal in magnitude and opposite
in sign.
Fig. 9(b) shows the various MZM biasing techniques that
can be employed, which include Quadrature Point (QP) biasing, Minimum Transmission Point (MITP) biasing and Maximum Transmission Point (MITP) biasing. QP biasing correponds to Vbias = Vπ /2 + m2Vπ or Vbias = −Vπ /2 + m2Vπ ,
while MITP biasing corresponds to Vbias = Vπ +m2Vπ , where
m is an integer. Furthermore, MATP biasing corresponds to
Vbias = 0 + m2Vπ . When a sinusoidal modulating signal of
V (t) = VLO cos(ωLO t) is employed, the mathematical expression for the photo-detected signals in each of these biasing
scenarios can be obtained from Equation (5) as follows:
IQP (t) ∝ PQP (t)
[
]
πVLO cos(ωLO t)
= Pin 1 ∓ sin(
)
(6)
Vπ
[
]
∞
1 ∑
πVLO
n
= Pin
±
) cos((2n − 1)ωLO t)
(−1) J2n−1 (
2 n=1
Vπ

Edual (t)
√
πVdc1
πVdc2
πV1 (t)
πV2 (t)
1
= [ej( Vπ + Vπ ) + ej( Vπ + Vπ ) ] 2Pin ejωc t
2
π(Vdc1 − Vdc2 ) π(V1 (t) − V2 (t))
= cos(
+
)
2Vπ
2Vπ
π(Vdc1 +Vdc2 )
π(V1 (t)+V2 (t)) √
+
]
2Vπ
2Vπ
ej[
2Pin ejωc t
(3)
πV (t)
πVbias
+
)
= cos(
2Vπ
2Vπ
π(Vdc1 +Vdc2 )
π(V1 (t)+V2 (t)) √
+
]
2Vπ
2Vπ
ej[
2Pin ejωc t
(4)

IM IT P (t) ∝ PM IT P (t)
[
]
πVLO cos(ωLO t)
= Pin 1 − cos(
)
Vπ
[
πVLO
= Pin 1 − J0 (
)
Vπ

The output intensity Psingle (t) = |Esingle (t)|2 and Pdual (t) =
|Edual (t)|2 of the single- and dual-drive MZMs, respectively,
can be expressed as follows using Equations (2) and (4):

]
πVLO
−2
(−1) J2n (
) cos(2nωLO t)
Vπ
n=1
∞
∑

Pdual (t) = Psingle (t)

n

(7)
(8)

πVbias
πV (t)
+
)].
(5)
Vπ
Vπ
Fig. 9(a) shows the transmittance plot of a MZM, where
the output optical power P (t) of the MZM is plotted for
various values of the bias voltage Vbias . Modulation can be
interpreted as a voltage variation around the bias point. It can
be seen from Equations (2) and (4) that the output optical
field has exponential terms of the form ejϕ(t) . Thus, there is
residual phase modulation, which is referred to as chirp. This
residual phase modulation is potentially converted to intensity
modulation during its transmission over the fiber, thereby
= Pin [1 + cos(

IM AT P (t) ∝ PM AT P (t)
]
[
πVLO cos(ωLO t)
)
= Pin 1 + cos(
Vπ
[
πVLO
= Pin 1 + J0 (
)
Vπ
∞
∑

πVLO
+2
(−1) J2n (
) cos(2nωLO t)
Vπ
n=1
n
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Bias point

V(t)

both the non-linear products and noise in the modulated output
increased.
Let us now discuss the various aspects of the fiber channel
employed in a ROF link.

Reverse bias voltage

B. Fiber Impairments

(a) optical modulation using an (b) EAM Transmittance vs. applied voltage
EAM
Fig. 10. External modulation using an Electro-Absorption Modulator (EAM)
(LD- Laser diode; RF Tx- RF Transmitter)

multi−mode fiber

On the other hand, as shown in Fig. 10(a), an ElectroAbsorption Modulator (EAM) modulates the intensity of the
optical signal by using an electric voltage that controls the
absorbtion1 of the modulator, which is referred to as the FranzKeldysh effect [28]. As the reverse bias voltage Vbias of the
EAM increases, the amplitude of the output optical field is
reduced by a factor of T (V ), where T (V ) is the amplitude
transmittance.
Fig. 10(b) shows the variation of T (V ) as a function of
the reverse bias voltage applied [29], where T (V ) = 0
corresponds to complete extinction of the MZM output, while
T (V ) = 1 corresponds to the extinction-free scenario. The
output optical field E(t) of the EAM modulator seen in Fig.
10(a), that is biased at a voltage of Vbias and driven by an
electronic signal V (t) is given by the following expression :
E(t) ∝ T (Vbias + V (t)).

multiple propogation modes
Fig. 12.

V (t)
RF Tx

single propogation mode

Multi-mode and single-mode fiber

An optical fiber consists of an inner core through which
the light propagates and an outer cladding. Optical fibers may
operate either in a single-mode or in multi-mode fashion,
depending on whether single or multiple propagation modes
exist in the fiber. Fig. 12 shows the propagation modes of the
single-mode and multi-mode fiber, where the cross-section of
the core in the multi-mode fiber is larger than that of the singlemode fiber [30]. All the architectures considered in this paper
employ Single-Mode Fiber (SMF), because it provides a larger
optical bandwidth and hence it is capable of supporting longer
transmission distances without a repeater [30]. However, we
hasten to add that the cost of multi-mode fibers is lower than
that of a single-mode fiber, thereby giving rise to the cost
versus performance trade-off alluded to in Fig. 5.
Fiber impairments refer to the fiber characteristics that affect
the signal transmitted in the fiber. This includes attenuation,
dispersion and non-linearities, as discussed below.
Firstly, the signal power decreases as the signal propagates
through the optical fiber, which is due to the impurities of the
material and owing to Rayleigh scattering [24]. This results
in fiber attenuation. Mathematically, the net signal power
attenuation imposed by the optical fiber can be expressed as
follows: Preceived = Ptransmitted e−αz , where Ptransmitted
is the optical power that is coupled into the optical fiber,
Preceived is the optical power after propagation through z km
of the fiber and α is the fiber attenuation constant, which has
a typical value of 0.2 dB/Km [24].
Secondly, there is fiber dispersion, where the refractive
ω
index n(ω) of the fiber depends on the frequency f = 2π
of
the propagating optical wave [24]. Mathematically, we have
vp (ω) = c/n(ω), where vp (ω) is the phase velocity of the
optical wave as it propagates through the fiber. Thus, the
propagation velocity depends on the optical frequency, and this
phenomenon results in dispersion. The extent of dispersion is
quantified by the dispersion parameter D [24]:

Phase modulator

LD

single−mode fiber
cladding
core
cladding

modulated
output

Fig. 11. Optical phase modulator (LD- Laser Diode; RF Tx- RF Transmitter)

Additionally, external optical phase modulation is implemented in ROF links using an optical phase modulator. This
is implemented by using the same concept as in the MZMs of
Fig. 8 with the difference that a phase modulator, unlike the
MZM, has a single arm. If an electronic signal V (t) is used for
driving a phase modulator as shown in Fig. 11, then the output
πV (t) √
optical field may be written as: E(t) = ej 2Vπ 2Pin ejωc t ,
where fc is the optical carrier frequency, Vπ is the switching
voltage of the phase modulator and Pin is the operating laser
power.
External modulation is more expensive than direct modulation due to the need for additional equipment, while the
direct modulation of lasers suffers from several drawbacks,
thereby giving rise to the cost versus performance tradeoff alluded to in Fig. 5. Firstly, the modulation bandwidth
of directly modulated lasers, shown in Fig. 7, restricts the
spectrum of usable modulating signals, while the saturation
of the P-I characteristics of Fig. 6(b) limits the output power
of directly modulated lasers. Additionally, direct modulation
of the laser’s output intensity is accompanied by undesired
frequency modulation. Finally, if a laser is directly modulated
using signals having frequencies close to fr in Fig. 7, then

D=−

d2 n
1 dn
2πc
+ ω 2 )]ω=ωc ,
β2 where β2 = [ (2
2
λc
c dω
dω

(10)

where fc and λc are the frequency and wavelength of the
optical carrier. This fiber disperison is also referred to as Group
Velocity Dispersion (GVD) or chromatic dispersion [24].
Thirdly, a dielectric medium (e.g. a fiber) is an electrical
insulator that can be polarized by an appropriately applied

1 The absorption of an optical device refers to the phenomenon of a portion
of the propagating optical power being absorbed by the device material.
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electric field. Fiber non-linearity arises from the fact that
the polarization is a non-linear function of the electric field
E(t) of the light, especially when the optical intensity is
high [24]. This results in a non-linear refractive index as a
function of the total propagating signal power P (t). This timevarying P (t)-dependent refractive index then modulates the
phase of the optical signal. Time-varing phase shifts in turn
result in an instantaneous optical frequency deviation from the
nominal value of fc , which is referred to as frequency chirping.
Phase modulation arising from fiber-nonlinearity includes SelfPhase Modulation and Cross-Phase Modulation [24]. SelfPhase Modulation (SPM) occurs because of the time-varying
nature of the propagating signal’s own instantaneous power
[24], while, Cross-Phase Modulation (XPM) occurs when
multiple optical signals are transmitted simultaneously. In
XPM, the extent of nonlinear distortion imposed on each
channel depends not only on its own optical power, but also
on the optical power of the co-propagating signals [24].
On the other hand, the non-linear interaction of multiple
optical signals that are propagating in a single optical fiber
leads to the generation of optical signals at new frequencies.
This phenomenon is typically referred to as Four-Wave Mixing
(FWM) [24]. For example, when the signals having optical
frequencies of f1 , f2 and f3 Hz are propagating in the fiber,
FWM results in the generation of an optical signal at fF W M =
f1 ± f2 ± f3 Hz, where the most significant contributions are
those at [24]:
fF W M = fi + fj − fk ,

photo-detection are direct photo-detection [22] and coherent
photo-detection [24]. In the direct photo-detection of 13(a),
if Es (t) is the optical field of the received signal, then the
generated photo-current I(t) is I(t) = R|Es (t)|2 [22]. Thus,
in direct photo-detection, the intensity |Es (t)|2 of the received
optical signal should be modulated by electronic modulating
signal in order to enable the reconstruction of the modulating
signal using direct photo-detection in the receiver. On the other
hand, in coherent photo-detection, the received optical signal is
mixed with the output of a laser that serves as a local oscillator,
followed by their joint photo-detection. Mathematically, this
can be represented as I(t) = R|Es (t) + Elo (t)|2 , where Es (t)
and Elo (t) are the optical fields of the received optical signal
and the local oscillator signal, respectively. Expanding this
expression would result in one of the terms being a product
of the two fields, which is referred to as the beat signal.
In heterodyne photo-detection, the optical frequency of the
flo = ω2πlo Hz local oscillator is different from the carrier
ωs
frequency fs = 2π
Hz of the incident optical signal. In this
scenario, the photo-detected signal I(t) is given by:
I(t) = R|As ejωs t+ϕs + Alo ejωlo t+ϕlo |2
=

+

A2lo

(13)

+ 2|As ||Alo | cos(ωdif f t + ϕs − ϕlo )],

where fdif f = fs − flo , As and Alo are the amplitudes
of the received optical signal and the local oscillator signal,
respectively, while ϕs and ϕlo are the phases of the two optical
fields. Fig. 13(b) shows how heterodyne photo-detection can
be carried out for the upconversion of the BB/IF signal to an
RF frequency of frf Hz, which can be done by ensuring that
we have fdif f = frf and then filtering the photo-detected
signal to retain the beat signal.
Direct photo-detection is simpler and hence more costeffective than coherent photo-detection, while coherent photodetection provides a better performance, thereby giving rise to
the cost versus performance trade-off seen in Fig. 5.
The discussions so far assumed a noise-free optical link,
while the next section details the various sources of noise in
a ROF link.

(11)

where, we have i, j, k ∈ 1, 2, 3. The above expression includes
frequencies of the form
fF W M,1 = 2fi − fj

R[A2s

(12)

FWM becomes most significant at low absolute values of the
dispersion parameter D [24].
Finally, there are other major non-linear effects including
Stimulated Brillouin Scattering (SBS) and Stimulated Raman
Scattering (SRS) [24], where photons of the incident field get
annhilated in both cases. In other words, optical energy is
transferred from a signal propagating at a particular optical
frequency to a signal at a lower frequency. SBS occurs in
the backward direction, where the lower frequency optical
signal propagates in a direction that is opposite to that of the
incident higher frequency signal, while SRS can occur in both
directions [24].
Now that we have discussed both optical modulation and
fiber based transmission, we will continue our discourse by
considering optical photo-detection.

Photo−detector
(PD)
ωs

ωs

ωdif f

Photo−detector
(PD)

0 Hz
ωlo

(a) Direct photo-detection
(b) Heterodyne photo-detection
Fig. 13. Basic types of photo-detection (PD- Photo-diode)

D. Noise in a ROF link

C. Photo-detector

There are various sources of noise in a ROF link, including
the Relative Intensity Noise (RIN), Amplified Spontaneous
Emission (ASE) noise, shot noise and the receiver’s thermal
noise, where ∆f is the bandwidth over which the noise
power is measured at the receiver [24]. The output of a
laser that is driven using a constant current exhibits certain
fluctuations in the output phase, frequency and intensity [24],

Photo-detection is the process of detecting an optical signal
using a photo-diode (PD), where a PD generates an electronic
current that is proportional to the incident optical power. This
process is referred to as square-law photo-detection, where
the responsivity R of a PD is the ratio of the output photocurrent to the incident optical power. The basic types of
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which constitutes the above-mentioned RIN. The primary
source of this is the spontaneous emission of photons, where
the intensity noise results in a SNR degradation, while the
phase/frequency noise leads to a non-zero spectral linewidth
(splillage) around the output frequency [24]. Mathematically,
the RIN noise power is formulated as follows [24]:

Power

2
2
σRIN
= KRIN Idc
∆f,

BS
PRF

(14)

SNRROF

(16)

xRAP
RF (t) Gamp

1/Lop

wireless
link

1/Lwl
xRAP
RF,noisy (t)
nop(t)

xMS
RF,noisy (t)
nwl (t)

RAP

wireless link

MS

power budgeting as discussed in [32]

2
2
2
Pnop = σRIN
+ σshot
+ σthermal
.

Fig. 14. Block diagram of losses/gains in ROF enabled DL wireless
transmission, as discussed in [32]

(18)

It is worth noting here that when spread spectrum wireless
techniques like Code Division Multiple Access (CDMA) are
employed, a larger wireless bandwidth is desired. However,
this also increases Pnop . The optical noise is accounted for in
RAP
Fig. 14 by adding it to xRAP
RF (t) for generating xRF,noisy (t),
as shown in Fig. 14. As shown in Fig. 14 and Fig. 15, the

The wireless channel is normally modelled using Gaussian,
Rayleigh or Rician distributions, where the signal y received
over a wireless channel H can me modelled as [15]:
y = Hx + n,

ROF link

wherex is the transmitted symbol matrix, n is the Gaussian
noise matrix, while H is the channel matrix. H is unitary for
a Gaussian wireless channel, while it consists of Rayleigh and
Rician distributed channel co-efficients for a fading channel
obeying a Rayleigh and Rician distribution, respectively [15].
In the case of millimeter wave communications, the wireless
channel has a higher free-space pathloss, which can however
be overcome by employing beamforming using directional
antennas. Directional antennas consist of an array of antennas,
whose outputs constructively interfere in some directions,
while destructively interfering in other directions. For a detailed study of the millimeter-wave wireless channel and beamforming, the reader is referred to [21] and [33]. Futhermore,
for a comprehensive study of the wireless channel, the reader is
referred to [15], since this paper focuses on the optical aspects
of the ROF link. Nevertheless, in this section we focus on
radio-communication issues, which have a direct bearing on
the ROF backhaul design, including power budgeting and the
presence of accumulating noise [32], [31]. The significance of
these issues are illustrated by considering the simple case of
a ROF DL that does not employ optical amplification and has
a Gaussian wireless channel. Fig. 14 and Fig. 15 portray a
diagrammatic representations of the gains and losses in such
BS
an ROF link. The RF signal xBS
RF (t) having a power of PRF is
attenuated by a factor of Lop by the ROF link, resulting in the
RAP
photo-detected signal xRAP
RF (t) having a power of PRF . The
attenuation Lop includes that arising from the E-O conversion,
fiber propagation, insertion loss of optical components and the
O-E conversion. Using Equations (14), (15) and (16), the noise
nop (t) imposed by the ROF link has a power of:

E. Wireless channel

ROF

SNRtot
Pnwl

Fig. 15.

where kb is the Boltzmann constant, T is the abolute temperature, RL is the load resistance, while Fn is the amplifier noise
figure.

xBS
RF (t)

Gamp

Gamp

BS

(15)

4kb T
∆f,
RL

O−E conversion
loss

RAP
PRF

Pntot
op
Pn

where e is the charge carried by an electron. Finally, the load
resistor and the electronic amplifiers in the optical receiver
impose Thermal Noise, owing to the temperature-dependent
random Brownian motion of the electrons [24]. Mathematically, the thermal noise power can be expressed as [24]:
2
σthermal
=

optical
loss

Lop

MS
PRF

where KRIN is a device dependent value, which is usually
expressed in dB/Hz and Idc is the average photo-current
value. Typically KRIN has values around -150 dB/Hz. It can
be seen from Equation (14) that the RIN is proportional to
the square of the mean optical power. However, when the
depth of optical modulation is high, especially in a ROF
link that employs the subcarrier multiplexing of several RF
signals, an improved expression for RIN was derived in
[31], which reflected the enhanced presence of RIN owing
to its dependence on the depth of optical modulation [31].
The concept of subcarrier multiplexing will be discussed in
Section IV-A. Additionally, the ASE noise alluded to above
is produced by spontaneous emission in an optical amplifier,
which is then amplified by the amplifier’s gain mechanism
[24]. Furthurmore, Shot Noise is a quantum noise effect that is
present in the photo-detected signal, which arises from the fact
that the optical field and the electric current consists of discrete
entities referred to as photons and electrons, respectively [24].
Mathematically, the shot noise power is given by [24]:
2
σshot
= 2eIdc ∆f,

ant
PRF

RF signal
noise

E−O conversion
loss

(17)
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noise contaminated photo-detected signal is then amplified by
ant
a factor of Gop , where PRF
is the power of the signal (without
noise) that is transmitted from the antenna. The transmitted
signal undergoes a wireless pathloss induced attenuation of
Lwl , as shown in Fig. 14, and is finally received at the MS,
where the noise nwl (t) having a power of Pnwl is added by
the wireless link. The signal that is finally employed in the
S
MS is xM
RF,noisy (t). It must be noted that in Fig. 14, Lwl
and Gamp are amplitude attenuation and amplification values,
while power attenuation/amplification refers to their squared
values.
Radio cell size calculations based on cumulating noise and
fiber attenuation is derived in [32] and [9]. Following that
model, Equation (27) can be obtained as follows.
It can be seen from Fig. 15 that the Signal to Noise Ratio
(SNR) of the ROF link (measured after photo-detection in
RAP) as well as that of the total link including the optical and
wireless transmission (measured in the MS), are as follows
[32]:
P RAP
SN RROF = RFop ,
(19)
Pn
P MS
,
(20)
SN Rtot = RF
Pntot

Equation (25) helps us understand the limitations imposed on
the design of the ROF link by the requirements of the wireless
link, as discussed in terms of the minimum RAP amplifier gain
and maximum cell size in the following sections.
a) Minimmum RAP amplifier gain: Given a ROF link
having a SNR of SN RROF , Equation (25) allows us to
calculate the minimum gain Gmin
amp of the electronic amplifier
in the RAP, which is necessary for supporting a cell size that
correponds to a maximum loss of Lmax
dB at the cell boundary,
worst
where SN Rtot ≥ SN Rtot
always has to be maintained in
the MS. Using Equation (25), Gmin
amp is formulated as follows
[32]:
v
u
Lmax
dB
u
min
10
t
for k ≈ 1.
(26)
Gamp =
SN RROF
−1
SN Rworst
tot

A fundamental design limitation that can be observed from
Equation (26) is that SN RROF should be higher than the
worst-case SNR expected at the cell boundary [32].
b) Cell size: Assuming that the electronic amplifier in
the RAP has a gain of Gamp and that a worst-case SNR of
worst
SN Rtot
has to be maintained at the cell boundary using a
ROF link having a SNR of SN RROF , we can calculate the
maximum affordable wireless pathloss to be [32]:

RAP
where PRF
depends on the operating laser power, on the
depth of optical modulation and on Lop [32]. Furthermore,
the following is evident from Fig. 15 [32]:
(
)2
MS
RAP Gamp
PRF = PRF
(21)
Lwl
(
)2
Gamp
Pntot = Pnop
+ Pnwl .
(22)
Lwl
Assuming that the wireless noise power is k times that of the
optical noise power, Equation (22) can be written as:
(
)2
(
)2
Gamp
Lwl
Pntot = Pnop
[1 + k
],
(23)
Lwl
Gamp
where k ≈ 1 correponds to both the wireless and optical noise
having similar powers, while k ≫ 1 or k ≪ 1 correponds to
the wireless noise being much stronger or much weaker than
the optical noise, respectively. In the following analysis, we
focus our attention on the scenario, where k ≈ 1, because
the other scenarios can be analysed in a similar manner.
Furthermore, as stated earlier, Lwl is the signal amplitude
attenuation of wireless propagation. However, the wireless
path loss Ldb is usually specified in decibels and it refers
to the power attenuation during wireless propagation, i.e.
LdB
L2wl = 10 10 . Using this relation as well as substituting
Equations (19), (21) and (23) into Equation (20), we arrive
at [32]:
1
SN Rtot = SN RROF
(24)
LdB
10
1 + k 10
2
G

Lmax
dB = 10 log([

= SN RROF

LdB

1+

for k ≈ 1.

(27)

It can be observed from Equation (27) that a larger cell, i.e.
a larger Lmax
dB , requires a larger SN RROF , i.e. a lower fiber
length.
It can be concluded from the above discussion that
SN RROF maximization is critical for the design of a ROF
link. It can be seen from Fig. 15 that SN RROF is maximized
by limiting the length of the fiber used. Alternatively, it
can be improved by reducing the E-O and O-E conversion
losses through the use of reactive matching circuits instead of
resistive matching circuits. However, this would limit the RF
bandwidth of the ROF link [32].
Our discourse on modulation techniques in Section II-A
introduced the various optical modulators, while the discussion
in Section III will cover the commonly employed modulation
schemes.
III. C OMMON ROF O PTICAL M ODULATIONS S CHEMES
ROF systems may rely on modulating either the intensity
or the angle, i.e. phase/frequency, of the optical carrier. In
the following sections we will describe the optical intensity
modulation and the optical angle modulation.
A. Optical Intensity Modulation
By definition, Intensity Modulation (IM) involves the modulation of the intensity1 of the optical signal by the modulating
electronic signal, where detection can be carried out by using
both the direct or coherent photo-detection schemes discussed

amp

1

SN RROF
2
worst − 1]Gamp ) for k ≈ 1.
SN Rtot

(25)

10 10
G2amp

1 The

intensity of an optical signal is the square of its amplitude.
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lower refractive index

in Section II-C. Intensity modulation may be of singlesideband or double-sideband nature or may result in a carrier
suppressed output. The corresponding Optical Double Side
Band (ODSB), Optical Single Side Band (OSSB) and Optical
Carrier Suppression (OCS) intensity modulation schemes are
described in the following sections.
1) Optical Double Side Band Intensity Modulation: Fig.
16(a) shows the stylized spectrum of an ODSB signal, which
consists of the optical carrier frequency fc as well as of the
lower and upper optical sidebands. If the centre frequencies of
the lower and upper optical sidebands are flower and fupper
respectively, then in Fig. 16(a) we have fc −flower = fupper −
fc = frf [34], where frf is the center frequency of the
modulating RF signal. Direct modulation of lasers and external
modulation using an EAM can be invoked for generating an
ODSB signal [23]. Additionally, an ODSB signal may be
generated by the single-drive MZM of Fig. 8(a), by setting
Vbias = Vπ /2+m2Vπ or Vbias = −Vπ /2+m2Vπ in Equations
(5), where m is an integer [25], [35] and V (t) is the RF signal
to be transmitted. The specific bias condition employed for
generating ODSB signals is referred to as quadrature biasing.
The same condition is true for the dual-drive MZM of Fig.
8(b), along with the additional condition that there should be
a phase difference of π between the RF signals V1 (t) and V2 (t)
in Equation (5).
While the ODSB signal of Fig. 16(a) has two modulation
sidebands, the OSSB signal to be discussed in the next section
has a single modulation sideband.
ωrf
ωrf
ωrf
2ωrf

ωlower ωc

ωupper

ωside

ωc

ωlower ωc

cladding
core
cladding
higher refractive index
Fig. 18.

ωupper

2) Optical Single Side Band Intensity Modulation: Fig.
16(b) shows the stylized spectrum of an OSSB signal, which
consists of the optical carrier frequency fc and only one of
the two possible sidebands at fsideband Hz. As seen from
Fig. 16(b), we have fc − fsideband = fRF , where fRF is
the frequency of the modulating RF signal. There are several
techniques that can be employed for generating OSSB signals, including the employement of the Fiber Bragg Gratings
(FBGs) [36] and the Dual-Drive MZM of Fig. 8(b).

ωc
ODSB Modulator

ωr ω

(a) A FBG filter
(b) FBG transmission
Structure and transmission spectrum of a Fiber Bragg Grating

consist of a periodic perturbation of the effective refractive
index along the length of the fiber core, as shown in Fig. 18(a)
[37]. The length of one period of this perturbation is referred
to as the grating period [37]. A FBG filter has a transmission
profile as shown in Fig. 18(b), where the signal at frequency fr
is reflected. The value of fr depends on both the periodicity
of the perturbation and on the effective refractive index of
the fiber core. This technique conceived for OSSB signal
generation needs high-selectivity filters for retaining only the
desired sideband, especially when the RF carrier involved is
not high. Moreover, the temperature-dependent variations of
the refractive index results in the reflected wavelength value
being temperature-sensitive [38]. Furthermore, an OSSB signal
can also be generated by the Dual-Drive MZM of Fig. 8(b),
when it is quadrature biased by setting Vbias = Vπ /2 + m2Vπ
or Vbias = −Vπ /2 + m2Vπ in Equation (5), where m is an
integer, whilst simultaneously ensuring that a phase shift of
90o is maintained between the RF signals applied to its two
arms seen in Fig. 8(b) [35], [27], [39].
Recall that the ODSB and OSSB signals of Figures 16(a)
and 16(b), respectively, include the optical carrier, but this is
not the case for the OCS signal discussed in the next section.
3) Optical Carrier Suppression Modulation: As seen from
Fig. 16(c), an Optical Carrier Suppression (OCS) based signal
consists of a suppressed optical carrier frequency at fc Hz and
two sidebands at fc ± frf Hz, where the frequency of the RF
signal employed is fRF Hz. An OCS signal can be generated
by the MZM of Fig. 8, when it is MITP biased, as illustrated
in Fig. 9. This is achieved by setting Vbias = Vπ + m2Vπ in
Equation (5), where m is an integer [40]. The photo-detection
of the OCS signal generates a signal at 2frf Hz, which is a
result of the above-mentioned beating between the two optical
sidebands during photo-detection [41].
Employing the ODSB modulation of Fig. 16(a), especially
when using the direct modulation of Fig. 6(a), requires a
simple [34] and inexpensive [23] set-up. Even when employing the external modulators of Fig. 8, the ODSB signals
can be generated using a single-drive MZM, while OSSB
signal generation requires the more sophisticated dual-drive
MZM. However, ODSB signals suffer from a higher chromatic
dispersion-induced power penalty than OSSB signals. This is
because the phase-change imposed by chromatic dispersion is
frequency-dependent, thereby resulting in a phase-difference
between the upper and lower sidebands in the ODSB signal
of Fig. 16(a). The photo-detected signal is proportional to the
optical power P (t) = |E(t)|2 , with E(t) being the optical
field-strength of the ODSB signal, where the optical power

(c) OCS signal
(b) OSSB signal
(a) ODSB signal
Fig. 16. Optical modulation formats (ODSB- Optical Double Side Band;
OSSB- Optical Single Side Band; OCS- Optical Carrier Suppression)

LD

grating period

Transmission

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/COMST.2015.2394911, IEEE Communications Surveys & Tutorials

ωc
FBG

RF Tx
Fig. 17. OSSB generation using a Fiber Bragg Grating (FBG) (LD-Laser
Diode; RF Tx- RF Transmitter)

A FBG can be used for filtering out one of the sidebands
of an ODSB signal, as shown in Fig. 17 [36]. A FBG filter
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Thus, the optical signal is now intensity modulated and can
be detected by the direct photo-detection scheme of Fig. 13(a)
[42]. Additionally, the MZI of Fig. 19 generates a complementary output, whose intensity is Pout,2 = Pin [1 − ∆ϕ(t)] [42].
Balanced photo-detection can be achieved by subtracting the
two photo-detected outputs, as shown in Fig. 19 [42], where
the associated advantages of balanced photo-detection will be
discussed in Section V-D. The dynamic range of an angle
modulated link that relies on direct photo-detection, largely
depends on both the non-linearity of the descriminator and on
the residual IM present in the phase-modulated signal that is
transmitted [44].
Intensity modulated signals can be detected using the simpler direct photo-detection discussed in Section II-C, while
angle modulated signals require an additional discriminator
for direct photo-detection or they employ the more complex
coherent photo-detection discussed in Section II-C. On the
other hand, the cross-talk level in multi-channel systems is
lower, when employing phase modulation than upon employing intensity modulation [42]. Moreover, optical intensity
modulation using the MZMs of Fig. 8 or EAM of Fig. 10(a)
requires biasing, while the phase modulator of Fig. 11 is not
biased. Hence, intensity modulation suffers from the drifting
bias voltage and hence needs bias stabilization circuits [45].
Thus, there is a cost versus performance trade-off, which was
portrayed in the stylized illustration of Fig. 5.
Having covered the basics of a single ROF link, we now
discuss the various ROF multiplexing techniques in Section
IV.

is attenuated owing to the destructive interference between
the beating sidebands [34]. This phenomenon is discussed in
greater detail in Section V-K. Moreover, OSSB signals have
a higher optical spectral efficiency. The OCS signals too are
tolerant to chromatic dispersion, but they have a frequency
doubled output. Thus, there is a cost vs. performance tradeoff, which was alluded to in Fig. 5
Now that we have become familiar with the basic intensity
modulation techniques, we move on to discussing optical angle
modulation in the next section.
LD
phase
modulator

RF Tx

phase modulated
signal

PD

MZI
fiber

τ

intensity modulated
signal

PD

Fig. 19. Phase modulation using a Mach-Zehnder delay Interferometer (MZI)
(LD- Laser Diode; RF Tx- RF Transmitter; PD- Photo-diode)

B. Optical Angle Modulation
Optical angle modulation involves the modulation of the
phase or frequency of the optical signal, which are typically
referred to as optical Phase Modulation (PM) and Frequency
Modulation (FM), respectively. Optical angle modulated signals can be detected coherently, as shown in Fig. 13(b) or
directly, as shown in Fig. 13(a), where coherent detection
is straight-forward, while direct detection requires a prior
conversion of the angle modulated signal to an intensity
modulated signal using a discriminator in the O-E blocks of
Fig. 3. A discriminator is an optical component which has
a frequency/phase dependent output intensity. Mach-Zehnder
delay interferometers of Fig. 19 [42] are the most commonly
employed discriminators, as detailed below.
Again, the Mach-Zehnder delay Interferometer (MZI) is
shown in Fig. 19, where the ouput of a laser operating at a
frequency of fc Hz and at an optical power of Pin is phase
modulated and transmitted over the fiber.
√ The angle modulated
signal entering the MZI is Ein (t) = 2Pin ejωc t+ϕ(t) , where
ϕ(t) depends on the modulating electronic signal and the
intensity |Ein (t)|2 of the angle modulated signal is constant.
The incoming angle modulated signal is then fed into the two
arms of the MZI of Fig. 19, where the signal in one of the
arms experiences a delay of τ seconds with respect to the
other. The outputs of the two arms are combined to generate
an optical field Eout , whose intensity Pout is as follows [42]:
Pout

Pin jωc t+ϕ(t)
= |Eout | =
e
+ ejωc (t−τ )+ϕ(t−τ )
2

electronic spectrum

ω1

ω1 ω2

−ω2 −ω1

ω2

modulator
LD

0
ω − ωc

Fig. 20. A Sub Carrier Multiplexing (SCM) transmitter model (LD- Laser
Diode; RF Tx- RF Transmitter)
SCM optical spectrum

−ω2 −ω1
ω1 − ω2

−2ω2 −2ω1

−ω1 − ω2

ω1 − 2ω2

2

2

Fig. 21.

Pin
[1 + 1 + 2 cos(ωc τ + ∆ϕ(t))], (28)
2
where we have ∆ϕ(t) = ϕ(t) − ϕ(t − τ ) and the MZI is
quadrature biased with ωc τ = −π/2. Subsequently, using the
small-signal approximation that sin(∆ϕ(t)) ≈ ∆ϕ(t), we get
[42], [43]:

ω1 ω2
ω2 − ω1

2ω1

2ω2

0
ω2 − 2ω1 2ω1 − ω2 2ω2 − ω1 ω1 + ω2
ω − ωc

Sub Carrier Multiplexing (SCM) optical spectrum

IV. M ULTIPLEXING

=

Pout = Pin [1 + sin(∆ϕ(t))] = Pin [1 + ∆ϕ(t)]

optical spectrum

RF Tx

Optical multiplexing employed in multi-user/multi-RAP
scenarios allows us to increase the throughput of an optical
fiber link. There are two basic types of optical frequency multiplexing schemes, which can be employed in ROF systems,
namely Sub-Carrier Multiplexing (SCM) [46] and Wavelength
Division Multiplexing (WDM) [47].

(29)
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·
·
·
(ωc,N , sN )
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P

(ωc,i, si)

(ωc,1, s1)
(ωc,2, s2)
·
·
·
(ωc,N , sN )

1
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7

···

INTERLEAVER

RF Tx
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modulator

(ωc,1, s1)

AWG

RF Tx
λc,2 LD

∆ωc

modulator

AWG

LD

multiplexer

λc,1

···
ω

2

4

6

···

···

1 2 3 4 5 67

···

···
ω

ω

(c) An interleaver
(b) A basic MUX/DEMUX
(a) A ODSB-WDM transmitter model
Fig. 22. Wavelength Division Multiplexing (WDM) (LD- Laser Diode; RF Tx- RF Transmitter; AWG- Arrayed Waveguide Grating)

A. Sub-Carrier Multiplexing

including a multiplexer /demultiplexer and Optical Add Drop
Multiplexer (OADM), which are detailed below.
A Multiplexer (MUX) and a Demultiplexer (DEMUX) is
used for combining and separating the optical signals appearing at different optical carrier frequencies, respectively.
Most DEMUXs are also capable of operating as a MUX,
when operated in the reverse direction, i.e. when light enters
from the output ports. As seen in Fig. 22(b), the most basic
MUX/DEMUX consists of a (1 × N ) Arrayed Waveguide
Grating (AWG), which relies on the principle of diffracting
the light in order to separate/combine the wavelengths [53].
Each channel consists of the optical carrier along with its
sidebands, as represented by (ωc,i , si )∑in Fig. 22(b), while
the multiplexed signal is indicated as ( ωc,i , si ). The MUX
of Fig. 22(b) multiplexes individual frequency bands, while
the interleaver of Fig. 22(c) is employed for bundling sets
of even and odd indexed frequency bands. As shown in Fig.
24, the interleaver can be operated in the reverse direction to
implement de-interleaving. The OADM of Fig. 25 is employed
at the RAP to “drop”, i.e. demultiplex, a downlink WDM
channel, while “adding”, i.e.multiplexing, an uplink signal at
the same or possibly different optical frequency. Fig. 25 shows
the block diagram of an OADM, where the downlink signal
ωc,2
carried by the optical carrier at fc,2 = 2π
Hz is dropped and
an uplink signal at the same optical carrier frequency is added.

Sub-Carrier Multiplexing (SCM) refers to the frequencydomain multiplexing of multiple modulating signals, which
are termed as sub-carriers, for example signals at f1 and f2
Hz. The combined signal in then input to the direct modulation
scheme [48] of 6(a) or to the external modulation [49] schemes
of Fig. 8 and Fig. 10(a), as shown in Fig. 20. The spectrum of
the modulating electronic signal and of the modulated optical
signal is shown in Fig. 20, where the desired sidebands, also
referred to as optical channels, of the ODSB modulated SCM
signal are located at fc ± f1 Hz and fc ± f2 Hz.
The optical spectrum shown in Fig. 20 is an idealised representation, while that in Fig. 21 shows the optical harmonics
and intermodulation products that are generated during SCM.
If the number of SCM channels is N = 2, then the desired
sidebands are at fc ± f1 Hz and fc ± f2 Hz. The spectrum
of Fig. 21 also contains other sidebands, where the sidebands
at fc ± mf1 Hz and fc ± mf2 Hz, with m being an integer,
are referred to as optical harmonics. The sidebands located at
fc ± (2f1 − f2 ) Hz, fc ± (2f2 − f1 ) Hz and fc ± (f1 ± f2 )
Hz in Fig. 21 are referred to as optical intermodulation
products. Similarly, the harmonics in the photo-detected signal
are located at mf1 Hz and mf2 Hz, while the second-order and
third-order intermodulation products are located at fi ± fj Hz
and fh ± fi − fj Hz, respectively, where h, i, j ∈ {1, 2, ..N },
and h, i and j are SCM channel indices [50]. For example, the
non-linearity in a ROF link that employs the SCM of two RF
frequencies, namely the WCMDA frequency of f1 = 1.9 GHz
and the WLAN IEEE 802.11b frequency of f2 = 2.4GHz, is
discussed in [51]. As seen in Fig. 9 and Fig. 10(b), the intensity
is modulated in a non-linear fashion around the bias point
in external modulation, which creates harmonics and intermodulation products.

1

···

···
ω

INTERLEAVER

1 2 3 4 5 6 7

3

5

7

···

···
ω
2

4

6

···

···
ω

Fig. 24.

An interleaver operated as a de-interleaver

B. Wavelength Division Multiplexing
While SCM employs a single optical carrier to transmit
multiple modulating signals, Wavelength Division Multiplexing (WDM) involves the fiber-based transmission of multiple
optical carrier frequencies. As shown in Fig. 22(a), each
carrier frequency is modulated by an electronic signal, thereby
generating sidebands around that carrier. Subsequently, the
signals are multiplexed to generate the spectrum seen in Fig.
22(a), where the spectrum consists of three optical carriers.
The corresponding sidebands appear on either side of each carrier. In Dense Wavelength Division Multiplexing (DWDM)
[47], the channel spacing ∆ωc of Fig. 22(a) has standardized
values of 12.5, 25, 50, 100 or 200 GHz [52]. Various optical
components are employed in WDM based ROF networks,

WDM signal entering OADM

WDM signal exiting OADM

OADM

ωc,1 ωc,2 ωc,3
dropped downlink
signal

Fig. 25.

ωc,1 ωc,2 ωc,3
added uplink signal

ωc,2

ωc,2

Optical Add Drop Multiplexer (OADM)

The throughput that can be achieved using WDM is higher
than that, which can be achieved using SCM. However, this
comes at the cost of having to use multiple laser sources,
MUXs, DEMUXs and OADMs, thereby giving rise to the
cost versus performance trade-off indicated in Fig. 5. It is
12
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Radio Over Fiber
System Design
Cost reduction techniques

Performance improvement techniques

Employing separate optical carriers for
optical BB and optical RF modulation
Family of techniques
for integrating ROF
communication with
existing Fiber To The
Home networks

Wavelength interleaved multiplexing
(2 × N) AWG with FP filter
(2N + 2) × (2N + 2) AWG with loopbacks
wavelength-interleaved OADMs

Employing a single optical carrier for two−step
optical BB and optical RF modulation
Employing a single optical carrier for simultaneous
optical BB and optical RF modulation

Family of techniques
for increasing the depth of
optical modulation

Carrier suppression

simultaneous modulation relying on an external
modulator

Family of techniques
for improving the optical
spectral efficiency

Low biasing the optical modulator
Balanced photo−detection

simultaneous modulation relying on a nested
external modulator

Family of techniques
for noise−reduction

Optical injection locking
Optical sideband injection locking
Optical injection phase lock loop

Optical carrier recovery and reuse
Family of techniques
designed for
wavelength re−use

Optical feed−forward linearization
Linearized optical modulators

Optical re−modulation

Parallel and serial MZMs
Dual wavelength equalization
Polarization mixing

Employing a single device modulator−cum−
photo−detector

Family of techniques for
increasing the linearity of
optical modulation

Optical filtering
Family of techniques
designed for reducing
the number of lasers
employed in the BS

Using multi−mode optical sources

Pre−distortion and post−compensation

Employing modulation harmonics

Overcoming the effects of fiber non−linearity

Family of techniques
for overcoming fiber
non−linearity

Overcoming chromatic dispersion
Dispersion tolerant modulation schemes
Fiber gratings

Family of techniques
for overcoming
chromatic dispersion

Chirped optical signals
Beneficial exploitation of SPM
Optical phase conjugation

Digitized Radio Over Fiber architecture −
This employs the following techniques−
· Bandpass sampling
· Digital optical modulation
Sampled RF over fiber employs only bandpass sampling
lower cost
Fig. 23.

performance

The various cost reduction and performance improvement techniques for ROF communications (LD- Laser Diode; RF Tx- RF Transmitter)

spectrum at A
∆ωc

ωrf

also possible to combine and use both SCM and WDM
simultaneously, as mentioned in Fig. 5.
Equipped with a basic understanding of the different components of a simple ROF link, we now move on to discussing
a range of advanced performance improvement techniques in
Section V.

···

si−1 si si+1 si+2
···

ωc,i ωc,i+1 ωc,i+2 ωc,i+3
Fig. 26.

V. ROF P ERFORMANCE I MPROVEMENT T ECHNIQUES

WI-DWDM signal

A. Wavelength interleaved multiplexing
As per definition, in a Wavelength Interleaved Wavelength
Division Multiplexing (WI-WDM) system, the frequency spacωc,i
ing between the optical carrier at fc,i = 2π
Hz and its
si
sideband at 2π Hz is higher than the frequency spacing
c
∆fc = ∆ω
2π Hz between the adjacent optical carriers, which
results in the interleaved spectrum shown in Fig. 26. The
spectrum of Fig. 26 is generated by multiplexing signals that

There are numerous challenges associated with efficient
millimeter-wave ROF communication, including the generation and reliable transmission of the wireless signal over the
optical channel. In this section we describe several techniques
that may be employed for improving the ROF link’s performance in terms of throughput, Noise Figure (NF) or dynamic
range.
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TABLE I
R ADIO OVER F IBER (ROF) P ERFORMANCE I MPROVEMENT T ECHNIQUES (PART 1)
Technique
Wavelength Interleaved Wavelength
Division Multiplexing (WI-WDM)

Year
2001
2003

Authors
Lim et al. [54]
Toda et al. [47]

2006

Bakaul et al. [55]

2002

Rongqing et al. [49]

2005

Attygalle et al. [56]

2005

Gu et al. [57]

1993

Farwell et al. [58]

2007

Ackerman et al. [59]

2007

McKinney et al. [60]

1998

Braun et al. [61]

2003

Johansson et al. [62]

2006

Chrostowski et al. [63]

2010

Ng’oma et al. [64]

2007

Ismail et al. [65]

Carrier Suppression

Low biasing the optical modulator

Balanced photo-detection

Optical Injection Locking
(OIL)

Optical feed-forward linearization

Contribution
Designed a WI-WDM system using Optical Add-Drop Multiplexers (OADMs).
Implemented of WI-WDM using a MUX/DEMUX that employed (2 × N )
Arrayed Waveguide Grating (AWG) with a Fabry Perot (FP) filter.
Achieved simultaneous demultiplexing of the N downlink WI-WDM channels
and multiplexing of the N uplink channels into a WI-WDM signal using an
AWG with loopbacks.
A tunable Fabry-Perot (FP) filter was used for suppressing the optical carrier of an
Optical Single Side Band (OSSB) signal in order to improve the receiver sensitivity.
A Fiber Bragg Grating (FBG) filter was used for suppressing the optical carriers of
OSSB and Optical Double Side Band (ODSB) signals, which improved the receiver
sensitivity by upto 7 dB.
A sub-picometer bandpass filter having a 3 dB bandwidth of 120 MHz
was designed and fabricated. This was then used for implementing carrier
suppression in a system employing low RF carriers.
Operated a Mach-Zehnder Modulator (MZM) at an optical bias below the
quadrature biasing point to increase the linear dynamic range.
Operated a MZM at an optical bias below the quadrature biasing point to
increase the Signal to Noise Ratio (SNR).
Designed a ROF link having a Noise Figure (NF) of less than 10 dB by relying
on a dual-output MZM and differential detection.
A 64 GHz, 140 -155 Mbps signal having a low phase noise <-100 dBc/Hz and a bit
rate of was generated using Optical Sideband Injection Locking (OSIL).
A RF signal having a low phase noise and a data rate of 148 Mbps was generated
in the 26-40 GHz range using an Optical Injection Phase Lock Loop (OIPLL) for
transmission distances upto 65 Km.
Presented the various advantages of using OIL in a ROF link, including
higher laser power, higher bandwidth, lower noise and lower non-linearity.
Direct modulation of the output of an optically injection locked laser was done to
generate a multi-Gbps RF signal at 60 GHz.
Achieved simultaneous reduction of 3rd-order Intermodulation Distortion (IMD)
by 26-dB and laser-noise by 7-dB at 5.2 GHz using feed-forward linearization.

FP filter

are generated using the OSSB modulation schemes discussed
in Section III-A.2 [47]. In other words, as shown in Fig.
26, we have frf > ∆fc , where frf is the frequency of the
modulating RF signal. This technique is usually implemented
along with the DWDM technique that was discussed in Section
IV-B. WI-WDM results in a higher spectral efficiency than
the conventional non-interleaved WDM, but requires more
sophisticated techniques for multiplexing and demultiplexing
the signals [47] [54]. In the following paragraphs we highlight
some of these techniques, assuming OSSB modulation.
1
A

OC

2

3

FP filter
B
C

spectrum at B

spectrum
at D

si+1 si+2

···

N ×2

2

1

3

WDM
signal

AWG

Fig. 28. Wavelength Interleaved Wavelength Division Multiplexing (WIDWDM) Multiplexer (MUX) using Fabry Perot (FP) filter (AWG- Arrayed
Waveguide Grating; WDM- Wavelength Division Multiplexing; OC- Optical
Circulator)

respectively [47]. The corresponding spectra at points A, B,
C and D of the DEMUX architecture using the FP filter are
shown in Figures 26 and 27. In the DEMUX of Fig. 27, the
WI-DWDM signal, whose spectrum is shown in Fig. 26, enters
port 1 of the Optical Circulator (OC) and leaves from its port 2,
where the set of sidebands seen in the WI-WDM signal of Fig.
26 are reflected, while the set of carriers are transmitted by the
FP filter. The reflected sidebands re-enter port 2 of the OC and
leave from port 3. The separated carriers-set and sidebandsset are then fed into the two input ports of the AWG of Fig.
27, whose output consists of the demultiplexed signals. As
indicated by the spectrum at point D of Fig. 27, each separated
signal contains the carrier ωi and its corresponding sideband
si [47].
The MUX of Fig. 28 operates in a similar fashion, except
that the direction of signal-flow is reversed [47]. As shown in
Fig. 28, the independent channels enter the MUX, while the

transmittance
of FP filter

AWG

spectrum at C

si−1si

D

2×N

input
channels

OC

···

ωc,i ωc,i+1 ωc,i+2 ωc,i+3

ωi si

Fig. 27. Wavelength Interleaved Wavelength Division Multiplexing (WIDWDM) Demultiplexer (DEMUX) using Fabry Perot (FP) filter (AWGArrayed Waveguide Grating; OC- Optical Circulator)

a) (2 × N ) AWG with Fabry Perot (FP) filter [47]: A
(a×b) AWG consists of a input ports and b output ports, while
a Fabry Perot (FP) filter is an optical filter having alternating
transmission and reflection bands. Hence, effectively it acts
as a comb filter. The incident optical wave will be either
transmitted through or reflected by the FP filter, depending
on the optical frequency. A DEMUX and MUX pair using
an AWG and a FP filter is shown in Figures 27 and 28,
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from port A1 . This WI-DWDM optical ∑
signal then exits from
u
port 3 of OCa and it is represented as (ωc,i
, sui ) in Fig. 29
.

set of carriers and the set of sidebands appear at the top and
bottom output port of the AWG in Fig. 28, respectively. The
top and bottom outputs of the AWG in Fig. 28 have stylized
spectra similar to those seen at points B and C of Fig. 27,
respectively. The set of sidebands then enter port 1 and exit
from port 2 of the OC, where, as shown in Fig. 28, these
sidebands are reflected by the FP filter, re-enter port 2 and
finally exit from port 3 of the OC. On the other hand, the set
of carriers that exited from the top port of the AWG of Fig.
28 are transmitted through the FP filter. Hence, they too exit
from port 3 of the OC. Thus, the multiplexed signal becomes
available from port 3 of the OC [47] of Fig. 28.
P
P

u
, sui)
(ωc,i

OCa
3

2
1

d
(ωc,i
, sdi)

u
ωc,1

1
2

OCb

3

A1

B1

A2

B2

A3

B3

A 2N + 2 B4
P u 4 ×
ωc,i ·· 2N + 2 ··
· AWG ·
u
·
·
ωc,N−1
A2N−1
B2N−1
u
ωc,N
A2N
B2N
A2N+1
B2N+1
A2N+2
B2N+2

2

3

2

3

OC1
A

FBG1
spectrum at B

3

FBG2
spectrum at C

1

B
up
up
ωc,i+1 si+1

spectrum at D

2
D
3 ···
C

ωc,i+1 si+1

si−1

si

up
si+1 si+2
···

up

ωc,i ωc,i+1 ωc,i+2 ωc,i+3

Fig. 30. Optical Add-Drop Multiplexer (OADM) (FBG- Fiber Bragg Grating
filter; OC- Optical Circulator)

c) Wavelength-interleaved optical add-drop multiplexers: In Fig. 30, the optical OSSB-WDM signal of Fig. 26
enters into port 1 of OC1 and leaves from port 2 [54]. Subsequently, the optical carrier ωc,i+1 , that is to be dropped, is
reflected by the FBG filter 1 (FBG1), while the corresponding
sideband si+1 is reflected by FBG2 [54], as shown in Fig. 30.
The rest of the signal enters port 1 of OC2 The reflectivity
profile of the FBG1 and FBG2 filters is as shown in Fig.
18(b), where the centre frequency fr = ω2πr has values of
ω
i+1
fc,i+1 = c,i+1
Hz and s2π
Hz, respectively. The signals that
2π
are reflected by FBG1 & FBG2 back-propagate and re-enter
port 2 of OC1 and they are dropped from port 3, where the
spectrum of the signal exiting from port 3 is shown at point
B of Fig. 30. The uplink signal, whose spectrum is shown at
point C of Fig. 30, enters port 3 of OC2 and exits from port 1.
up
This uplink signal having a carrier ωc,i+1
and sideband sup
i+1
gets reflected by the FBG filters, because they are at the same
frequencies as the previously dropped signal and they re-enter
port 1 of OC2. Hence, the total signal entering port 1 of OC2
includes the channels within the signal at point A, which were
not reflected by the FBG filters, along with the added uplink
channel. The signal entering port 1 finally exits from port 2
of OC2, where the spectrum exiting from port 2 is shown at
point D of Fig. 30. Thus, a downlink channel is dropped from
the spectrum of Fig. 26 and replaced by the uplink channel to
obtain the spectrum at point D of Fig. 30.
Upon concluding our discussion on WI-WDM, recall that
the first MUX/DEMUX architecture relies on a (2×N ) AWG,
a Fabry Perot (FP) filter as well as on an Optical Circulator
(OC) and can either perform multiplexing or demultiplexing.
On the other hand, the second MUX/DEMUX architecture
employs the more complex (2N + 2) × (2N + 2) AWG
with loopbacks along with several OCs, but can achieve
simultaneous multiplexing and demultiplexing of the signals.
However, none of these MUX/DEMUX architectures permits
access to an individual channel or to a set of channels
within the multiplexed signal without having to demultiplex
all the channels. This can be implemented using the OADM
alluded to in the previous discussion. Fig. 31 shows some
commonly used ROF network topologies along with the BSs,
Remote Nodes (RNs) and RAPs, where the MUX/DEMUX
and OADMs are employed assuming that duplex communication with each RAP is achieved using a unique wavelength.
Fig. 31 also shows the operations that MUX/DEMUXs and

d
(ωc,1
, sd1 )
u
u
1 OC1 (ωc,1 , s1 )
2
3 (ω d , sd )
c,2 2
OC2
u
1
, su2 )
(ωc,2

1 OCN

OC2
2

1

d
(ωc,N
, sdN )
u
(ωc,N , suN )

Fig. 29. Multiplexer/Demultiplexer (MUX/DEMUX) employing an Arrayed
Waveguide Grating (AWG) in loopback configuration (OC- Optical Circulator)

b) (2N +2)×(2N +2) AWG with loopbacks: A loopback
architecture is one in which the output ports are connected to
the input ports of the AWG. The architecture shown in Fig. 29
implements simultaneous demultiplexing of the N downlink
channels and multiplexing of the N uplink channels or viceversa in a ROF system that employs WI-WDM. While the
discussion below assumes a scenario in which the downlink
channels are demultiplexed and uplink signals are multiplexed,
the processs is similar for the case of uplink demultiplexing
and downlink multiplexing.
In Demultiplexing [55], the downlink WI-DWDM signal,
which consist of the N optical carriers and their
∑ corresponding
d
single sidebands, is portrayed in Fig. 29 as (ωc,i
, sdi ). The
downlink power is split by a coupler and it enters ports A1 and
A4 of the AWG via the circulators OCa and OCb of Fig. 29,
respectively. The optical carriers along with their respective
sidebands exit from ports B1 , B3 · ·B2N −1 of Fig. 29. These
are obtained from port 3 of OC1 to OCN and are indicated
d
in Fig. 29 as (ωc,i
, sdi ) [55].
In Multiplexing [55], the N uplink optical signals enter
ports B1 , B3 · ·B2N −1 via the OCs and are represented as
u
(ωc,i
, sui ) in Fig. 29. The optical carriers exit from port A4
while the sidebands exit from
A1 in Fig. 29. The output
∑ port
u
of port A4 is indicated as
ωc,i
in Fig. 29, which are then
looped back into port B2 . This results in the N separated
optical carriers ωi output at A3 , A5 · ·A2N +1 , which are then
again looped back to ports B4∑
, B6 · ·B2N +2 . This results in
u
the combined optical carriers
ωc,i
leaving from port A1 of
Fig. 29. Thus, both the optical carriers and their sidebands exit
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Fig. 31. Use of Multiplexers/Demultiplexers (MUXs/DEMUXs) and Optical Add Drop Multiplexers (OADMs) in different ROF topologies (BS- Base Station;
RN- Remote Node; RAP- Radio Access Point; DL Downlink; UL- Uplink

OADMs perform on both the Downlink (DL) and Uplink (UL)
ROF signals.
Let us now move on from the family of techniques conceived for improving optical spectral efficiency to carrier
suppression techniques, which are capable of increasing the
depth of optical modulation, thereby improving the receiver
sensitivity.
LD

intensity
modulator

1
fiber

RF Tx

OC

RAP architecture [56]. However, this latter technique would
prevent the implementation of wavelength re-use, since the
reflected carrier power would no longer be available at the
RAP but only at the BS.
Following this rudimentary introduction to the pertinent
issues of carrier suppression, we now consider the family of
techniques designed for reducing the noise imposed by the
ROF link, which in turn improves both the optical receiver
sensitivity as well as the dynamic range. These techniques
include low-biasing the optical modulator, balanced photodetection as well as Optical Injection Locking (OIL) and
optical feed-forward linearization.

2
FBG

PD

BPF

3
reflected optical carrier power

Output Power

Fig. 32. Carrier suppression (LD- Laser Diode; RF Tx- RF Transmitter;
FBG- Fiber Bragg Grating; PD- Photo-diode; BPF- Band Pass Filter)

B. Carrier Suppression
Suppressing the optical carrier with respect to the modulation sidebands increases the depth of optical modulation,
thereby beneficially improving the attainable receiver sensitivity [56], [66], [67], [49], where the typical value of the
optimum Carrier to Sideband Ratio (CSR) is 0 dB. Fig. 32
portrays an architecture that implements carrier suppression,
where the output of the laser is intensity modulated using the
RF signal and transmitted over the fiber to the RAP. In the
RAP, the modulated optical signal enters port 1 of the OC
of Fig. 32 and then exits from port 2, where it enters the
FBG filter that implements carrier suppression. The FBG filter,
originally discussed in Fig. 18, reflects a portion of the optical
carrier power corresponding to the desired suppression, but
ideally allows 100 % transmission of the optical sidebands.
The reflected optical carrier power enters port 2 and then
exits from port 3 of the OC, where it can be re-used for
uplink modulation. The FBG filter of Fig. 32 can also be
employed before fiber transmission in order to simplify the

increasing signal
power

Bias point Vbias
decreasing
optical
noise

Vπ
2

QP

Vπ
2

MITP

Vπ

Vπ

Vbias
Bias
point
V(t)

Fig. 33. Biasing the optical modulator at an optical power below that of
Quadrature Point (QP) biasing (MITP- Minimum Transmission Point)

C. Low-biasing the optical modulator
As discussed in Section III, if the ODSB/OSSB modulation
of Fig. 16 was carried out at the transmitter using a RF
signal at fRF Hz, then the desired photo-detected signal is
also generated at fRF Hz. However, no signal is generated at
fRF Hz for the OCS modulation scheme of Fig. 16, where a
frequency-doubled photo-detected signal is generated at 2fRF
Hz instead. ODSB/OSSB modulation requires a QP biased
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f1 or (fi ± fj ) > fN ∀ i, j. The conditions for neglecting
the second-order harmonic and intermodulation distortion are
met, if the SCM signals are within an octave, i.e. fN < 2f1
[58].
Let us now discuss a second technique that assists in reducing the noise imposed by the optical link, namely balanced
photo-detection.

MZM that is associated with Vbias = Vπ /2, while OCS
modulation requires a MITP biased MZM with Vbias = Vπ . If
no frequency doubling is desired then, the QP biased MZM of
Fig. 8 is employed. Fig. 33 shows the trade-off between the
optical noise and optical signal power, when the bias point
indicated by an arrow moves from the QP towards the MITP
of Fig. 33 [58]. It can be seen from Equations (6) and (7)
that unlike in the QP biased scenario of Fig. 33, the MITP
biased scenario of Fig. 33 has a suppressed first harmonic,
which implies that the power of the photo-detected fRF Hz RF
signal decreases, when the bias point indicated by the arrow
moves from the QP towards the MITP. However, it can be seen
from Equations (6) and (7), that the DC value in the photodetected signal is higher for the case of QP biasing than for
MITP biasing. Thus, observe from Equations (14) and (15) that
the shot noise, RIN and signal-ASE beat noise level, which
together constitute the optical noise, decrease at a faster rate,
when the bias point moves from the QP towards MITP [59]
[58], as shown in Fig. 33. If the dominant source of noise in
an optical link that employs a QP biased MZM is the optical
noise, then the output SNR increases as the bias is shifted
from the QP towards the MITP, which can be deduced from
Fig. 33. The SNR increases till the photo-detector’s thermal
noise becomes the dominant source of noise, beyond which
the SNR starts to decrease. Therefore, the optimum bias value
corresponding to the maximum SNR lies between the QP and
MITP, where its actual value depends on the optical power at
the MZM’s input. The expression for the Noise Figure (NF)
and its relation to the Spurious Free Dynamic Range (SFDR)
of an optical link is as follows on a decibel (dB) scale [59],
[68]:

fiber
LD

PD

dual output
MZM
fiber

PD

+

−

Vbias V (t)
Fig. 34. Balanced photo-detection (LD- laser Diode; PD- Photo-diode; MZMMach-Zehnder Modulator)

D. Balanced photo-detection
Balanced photo-detection schemes involve the subtraction of
two received signals, which results in the desired components
in those signals being added, while the noise being mitigated.
Fig. 34 shows the block diagram of balanced photo-detection,
where the laser output is fed to the dual-output MZM that
generates a pair of modulated outputs [60]. The first output is
the standard output of an MZM with an intensity of P1 (t) =
Pin [1 + cos( πVVbias
+ πVVπ(t) )], while the other output has an
π
intensity of [71]:
P2 (t) = |E(t)|2 = sin(

N F [dB] = SN Rin [dB] − SN Rout [dB],
(30)
2
SF DR[dB] = {IP 3[dB] − (−174 + N F [dB])}, (31)
3
where IP3 is the level of the third-order inter-modulation
products. Hence, optimising the bias point not only reduces
the noise figure, but also results in an increase of the link
dynamic range. A similar performance improvement can be
achieved by low-biasing the EAM of Fig. 10(a) [69] [70] to
an optical power level below that shown in Fig. 10(b).
However, the limitation of this technique is that it assumes
that the effect of the stronger second-order distortion, including harmonics and intermodulation distortion, generated by
low-biasing can be neglected. It can be seen from Equation
(6) and Equation (7) that unlike in the QP biased scenario, the
MITP biased scenario has a strong second order harmonic. In
a SCM system having N channels, the second order hamonics
do not lie within the transmission bandwidth if we have
2fi > fN ∀ i, where fi is the electronic frequency of the ith
channel being modulated onto the optical carrier. The nonlinearity that generates second-order harmonics also results
in the generation of second-order intermodulation products
of the form of fi ± fj , where i, j ∈ {1, 2, ...N }. Secondorder intermodulation products can be neglected if they do
not lie within the SCM signal’a bandwidth i.e. (fi ± fj ) <

= Pin [1 − cos(

πVbias
πV (t) √
+
) 2Pin ejωc t
2Vπ
2Vπ

πV (t)
πVbias
+
)],
Vπ
Vπ

2

(32)

Both outputs are photo-detected after transmission through
the fiber and as shown in Fig. 34, balanced photo-detection
involves the subtraction of the two photo-detected signals,
where the balanced photo-detector output is given by [60]:
Ibalanced = I1 (t) − I2 (t)
= R · P1 (t) − R · P2 (t)
πVbias
πV (t)
= 2R · Pin · cos(
+
),
Vπ
Vπ

(33)

where R is the responsivity of the photo-diode. Again, it can
be seen from Equation (33) that the desired signals are added,
while the intensity noise that is common to the two photodetected signals is suppressed by the difference operation [60].
A link that has a sub-10 dB NF can be achieved using balanced
photo-detection [60].
The next two techniques belonging to the family of optical
noise-reduction techniques, namely Optical Injection Locking
(OIL) and optical feed-forward linearization, also belong to
the family of techniques designed for increasing the linearity
of optical modulation. We now discuss OIL, which assists in
generating high-power, low-noise laser outputs.
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master
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polarization
controller

isolator

slave
LD fiber

PD

BPF

that employs this technique can be improved by additionally
invoking the concept of OIL. Typically, it is the slave laser’s
output that is RF modulated during OIL. However, as shown
in Fig. 36, it is also possible to injection-lock two -rather than
just one- slave lasers to different sidebands of a master-laser
LO
[74] that has been modulated using a RF tone at fLO = ω2π
Hz. This OIL operation is then followed by the modulation
of either one or of both sidebands using the BB/IF signal
IF
at fIF = ω2π
Hz. As shown in Fig. 36, the subsequent
heterodyne photo-detection of these high-power sidebands
generates the high-fidelity upconverted RF signal appearing
at ]N · fLO − fIF ] Hz. More explicitely, Optical Sideband Injection Locking (OSIL) facilitates the injection locking of the
slave-lasers to higher-order optical sidebands, i.e to harmonics
that are present within the output of the RF-modulated masterlaser [61], where the upconverted photodetected signals can be
generated at [N · fLO ± fIF ] Hz with N being an integer.
The optical phase noise can be further reduced by amalgamating OIL with Optical Phase Lock Loops (OPLLs), which
however results in added transmitter complexity. This hybrid
technique is discussed in the next section.

RF Tx

Fig. 35. Optical Injection Locking (LD- Laser Diode; PD- Photo-diode; RF
Tx- RF Transmitter; BPF- Band Pass Filter)

E. Optical Injection Locking
Optical Injection Locking (OIL) is a technique conceived
for generating a high-power laser output that has both a
low intensity noise and a low phase noise. Fig. 35 shows
the schematic of OIL, where the output of the low-power,
low-noise master-laser of Fig. 35 is injected into a highpower slave-laser. The slave-laser is constrained to operate
at the frequency of the injected laser, provided that this frequency is sufficiently close to its own free-running frequency.
The difference between the free-running frequency and the
injection-locked frequency of the slave-laser is referred to as
the frequency detuning, where using a higher injected power
results in a higher allowable frequency detuning. As shown
in Fig. 35, the output of the slave-laser is directly modulated
by the electronic RF transmitter before transmission over the
fiber, while the isolator ensures that no reflected signals enter
the master-laser.
OIL has several advantages [63]. For example, when using
OIL, the laser’s relaxation oscillation frequency fr , as shown
in Fig. 7, increases. Hence, direct modulation results in
weaker dynamic non-linearity induced harmonics and intermodulation [72]. Additionally, it can be seen from Fig. 7
that the increase in fr is accompanied by an increase in the
modulation bandwidth of the laser [64]. Furthermore, it is
possible to directly modulate the laser using frequencies that
are close to its relaxation oscillation frequency without the
usual increase in the RIN noise [64]. When OIL is used,
it becomes possible to generate a high-fidelity, high-power
optical signal, which enables the designer to achieve a high
link-SNR. Finally, OIL can also be employed for generating
OSSB signals [73].
Two variations of OIL that employ heterodyne photodetection are discussed in the following sub-sections, including
Optical Sideband Injection Locking and Optical Injection
Phase Locked Loops. These techniques result in performance
improvements at the cost of an increased transmitter complexity.
optical
coupler
master
laser

ωc
master
laser
delay

ωLO

fiber

PD

1

3

2
slave
laser

C2

intensity
PD
modulator fiber
OIPLL
output
BB Tx
optical
coupler

BPF

PD

b) Optical Injection Phase Locked Loop: The OPLL
relies on an architecture designed for maintaining phase coherence between the signals that are employed in coherent
photo-detection. An OPLL reduces the optical phase noise
imposed on the signal transmitted over a ROF link. OIL can
be combined with the OPLL technique in order to amalgamate
the benefits of both techniques. Such a transmitter is referred
to as an Optical Injection Phase Locked Loop (OIPLL) [75],
[62], which is shown in Fig. 37. The master-laser operating
ωc
at an optical frequency of fc = 2π
Hz, is modulated by a
ωLO
RF tone at fLO = 2π Hz, as shown in Fig. 37. The masterlaser output is split by the coupler C1 into two parts, one of
which enters port 1 and exits via port 2 of the OC, where
this signal is employed in injection locking. The slave-laser in
Fig. 37 is injection locked to one of the first-order (N = 1) or
higher-order sidebands (N > 1) in the output of the masterlaser. The slave-laser in Fig. 37 generates the injection locked
output at [fc + N · fLO ] Hz and also reflects the output of
the master-laser. As shown in Fig. 37, the output of the slavelaser exits from port 3 of the OC, followed by a splitting
operation by the coupler C2 [75]. The upper output of C2 in
Fig. 37 is combined with the upper output of C1 to generate
the OIPLL output, while the lower output of C2 is locally

BPF

BB/IF Tx

N ωLO − ωIF

ωLO

C3

Fig. 37. Optical Injection Phase Locked Loop(OIPLL) (PD- Photo-diode;
BB Tx- Baseband Transmitter; BPF- Band Pass Filter)

slave
laser 2
slave
laser 1

loop
filter

polarization controller

C1

ωIF
Fig. 36. Optical Sideband Injection Locking (BB- Baseband; IF - Intermediate Frequency; PD- Photo-diode; BPF- Band Pass Filter)

a) Optical Sideband Injection Locking: A so-called
dual-mode signal consists of two optical frequencies, where
heterodyne detection may be used for generating a RF signal,
as discussed in Section II-C. The performance of a link
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heterodyne photo-detected to generate a RF tone at N · fLO
Hz, which is then input to the feedback loop. In the feedback
loop, output of the fLO Hz oscillator is frequency-multipled
by N and mixed with the photo-detected N · fLO Hz RF tone.
The mixer output depends on the phase difference between
the two signals. As shown in Fig. 37, this mixer output is fed
to a loop filter which generates a feedback that modulates the
slave-laser. Hence, the loop-filter assists in phase-matching.
Meanwhile, the OIPLL output is intensity modulated by the
Baseband Transmitter (BB Tx), then transmitted over the fiber
and finally photo-detected to generate an upconverted signal
at N · fLO Hz [75].
In addition to noise reduction, OIL also resulted in the
enhanced linearity of the direct optical modulation scheme of
Fig. 6(a) [63]. We now move on to another technique, namely
optical feed-forward linearization, that helps enhance the linearity of both direct as well as external optical modulation,
apart from suppressing the optical noise.
L1
CRF,1 LD

Cop,1

RF Tx

L2
frequency fL2 = ω2π
, which is significantly different from
L1
the optical frequency fL1 = ω2π
of L1 . As seen in Fig.
38, the modulated output of laser L2 is then combined with
the optically delayed modulated output of laser L1 using the
90:10 optical coupler Cop,2 and transmitted over the fiber. If
A1 (t)ejωL1 t and A2 (t)ejωL2 t are the optical signals received
at photo-detector D2 from lasers L1 and L2 , respectively, then
their coherent photo-detection by photo-detector D2 results in
the signal:

Plinear = R|A1 (t)ejωL1 t + A2 (t)ejωL2 t |2
= R|A1 (t)|2 + R|A2 (t)|2
+ 2R|A1 (t)||A2 (t)| cos[j(ωL1 − ωL2 )t],

where again, R is the photo-diode’s responsivity. Since the
operating frequencies of the two lasers are significantly different, i.e. (ωL1 −ωL2 ) is large, the third term of Equation (34)
would be located within the electronic spectrum at a frequency
that is far higher than that of the first two terms. The first two
terms represent the coherent addition of the two signals. Since
R|A2 (t)|2 carries an inverted replica of the distortion plus RIN
noise in R|A1 (t)|2 , this addition results in the cancellation of
the distortion plus RIN noise term [65]. Hence, as per Equation
(31), the SFDR will be significantly improved, because the
feed-forward linearization technique of Fig. 38 suppresses the
both inter-modulation products as well as the laser RIN over
a large bandwidth.
We now conclude our discussions on the family of noisereduction techniques. Low-biasing of the optical modulator
is simpler than the subsequently discussed balanced photodetection, but the former technique constrains the usable SCM
signals to be within an octave. While the extent of noisereduction obtained from the various noise-reduction techniques
discussed in this paper depends on the specifications of the
components used, OIL in general provides a much higher
performance improvement than the rest. However, this comes
at the cost of a higher transmitter complexity.
As mentioned previously, the last two techniques in the
family of optical noise-reduction techniques, namely OIL and
optical feed-forward linearization, also assist in increasing
the linearity of optical modulation. Let us now continue our
discourse by moving on to another subset of techniques that
help increase the linearity of optical modulation, namely to
the family of linearized optical modulators.

Cop,2

optical
delay

PD
fiber D2

BPF

LD L2

D1 PD

inversion

electronic
delay

(34)

electronic
delay

Fig. 38. Optical feed-forward linearization (RF Tx- RF transmitter; LDLaser Diode; PD- Photo-diode; BPF- Band Pass Filter)

F. Optical feed-forward linearization
Optical feed-forward linearization is a technique that may
be employed at the transmitter for pre-compensating the
non-linear effects of optical modulation. This technique is
implemented using the architecture seen in Fig. 38 [65]. As
seen in Fig. 38, the input RF signal power is split into
two branches by the RF coupler CRF,1 , where the upper
branch modulates the optical carrier generated by laser L1 ,
while the lower branch is used as an uncorrupted reference
signal. The modulated optical output of L1 seen in Fig. 38
contains both the RF signal as well as the inter-modulation and
harmonic distortion terms, which are additionally corrupted by
RIN noise. This optical signal from L1 is then split using
a 50:50 optical coupler Cop,1 , as seen in Fig. 38, where
the lower-branch output of Cop,1 is photo-detected by the
photo-diode D1 , amplified and then subtracted from the lower
branch output of the RF coupler CRF,1 . The output of the
RF coupler CRF,1 does not suffer from the degradations and
noise imposed by optical modulation, because it is generated
by the electronic RF transmitter and not by photo-detecting the
modulated optical signal [65]. Hence, the subtraction operation
generates a difference signal that ideally contains only the
distortion terms imposed by optical modulation and the RIN
noise [65]. This electronically delayed difference signal is
then inverted in Fig. 38 and modulated onto the output of
laser the L2 . Note that the laser L2 operates at an optical

G. Linearized optical modulators
There are several architectures that linearize the transfercharacteristics of the MZM of Fig. 9(a), which result in
the efficient suppression of the even-order and third-order
inter-modulation products in the photo-detected signal. As a
result of linearization, the SFDR of the links employing these
architectures is maximised, since the SFDR of Equation (31)
now depends on the much weaker fifth-order inter-modulation
products, rather than on the third-order inter-modulation products. Some of the architectures within this subset include both
the parallel and serial MZMs architectures, as well as the dual
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TABLE II
R ADIO OVER F IBER (ROF) P ERFORMANCE I MPROVEMENT T ECHNIQUES (PART 2)
Technique

Linearized optical modulators

Year
1990

Authors
Korotky et al. [76]

1991

Skeie et al. [77]

1999

Ackerman et al. [78]

2009

Masella et al. [79]

2007

Lim et al. [80]

2007

Hatice et al. [81]

2002

Fernando et al. [82]

2003

Roselli et al. [83]

Optical filtering

Pre-distortion
and post-compensation

Contribution
Two parallely connected modulators increased the linearity of modulation at
the cost of a tolerable increase in the optical power and drive voltage employed.
The cascading of modulators ensured 95 dB suppression of the 3rd harmonic
when using a single tone modulating signal at a modulation depth of 20%.
Simultaneous modulation of optical carriers at two wavelengths achieved a
dynamic range of 74 dB in 1 MHz over a bandwidth higher than an octave.
A linear polarizer was employed both before and after a mixed-polarization MZM to
achieve 13 dB increase in the Spurious Free Dynamic Range (SFDR) when
employing Optical Single Side Band (OSSB) modulation.
The optical sidebands that contribute most to the 3rd-order IMD in the photodetected RF signal were filtered out using an optical filter to obtain an increase
of 9 dB in the IMD suppression.
An optical filter having a 3 dB bandwidth of 120 MHz was presented, which could
separate two RF signals spaced as close as 50 MHz without significant distortion.
Pre-distortion in the downlink and post-compensation in the uplink using high-order
adaptive filters linearized the ROF link, while keeping the RAP simple.
Low cost pre-distortion circuits were designed for compensating 2nd and 3rd order
distortions that arise from direct modulation of lasers.

ensures that the phase-difference of the optical fields at the
output of the pair of modulators is ϕa − ϕb = π/2. Then, the
expression of Equation (35) becomes [76]:

wavelength equalization and polarization mixing to be detailed
below.
V (t)

Ma
C1
LD

MZM

γV (t)
Vbias = Vπ /2
MZM

I(t) = I0 [(1 − η1 )(1 − η2 ) cos2 (

C2
PD

BPF

+ η1 η2 cos2 (−

Phase Shifter

Mb

π V (t)
+
)
4
2Vπ

π γV (t)
+
)]
4
2Vπ

= I0 [(1 − η1 )(1 − η2 )(1 − sin(

Vbias = −Vπ /2
Fig. 39. Linearization using dual parallel MZMs (LD- Laser Diode; MZMMach-Zehnder Modulator; PD- Photo-diode; BPF- Band Pass Filter)

+ η1 η2 (1 + sin(

a) Parallel and serial MZMs: It can be observed from
Equation (6) that the Quadrature Point (QP) biasing of a MZM
results in negligible second-order distortions, but significant
third-order distortions in the photo-detected signal, where the
polarity of the third-order distortion depends on the quadrature
bias voltage that is applied in Fig. 8. Dual-parallel linearization
draws its motivation from the fact that the third-order distortions can be suppressed by superimposing signals in which
the polarity of the third-order distortion is opposite [76]. As
shown in Fig. 39, the output of the LD is fed to the coupler C1
having a power splitting ratio of η1 , where the pair of outputs
gleaned from the coupler C1 are fed to the MZMs Ma and Mb ,
which are QP biased at Vπ /2 and −Vπ /2, respectively [76].
As shown in Fig. 39, the pair of MZMs are driven by the same
RF signal V (t), which have a voltage ratio of γ. The outputs
of the pair of MZMs are combined by the coupler C2 of Fig.
39 having a power combining ratio of η2 . Using Equation (3),
the expression describing the photo-detected signal becomes:
√
√
π V (t) jϕa
I(t) = I0 | 1 − η1 1 − η2 cos( +
)e
4
2Vπ
π γV (t) jϕb 2
√ √
(35)
+ η1 η2 cos(− +
)e | ,
4
2Vπ

=

∞
∑

V (t)
))
2Vπ

γV (t)
))]
2Vπ

ck [V (t)]k .

(36)

k=0

Using the Taylor series expansion of the sin(x) in the Equation
(36), it may be readily shown that there are no even harmonics
in the photo-detected signal at all. Hence, naturally there
would be no second-order or fourth-order distortions in the
photo-detected signal either. The third-order inter-modulation
product IIM 3 and the desired RF signal Isignal is proportional
to the Taylor series coefficients c3 and c1 , respectively. Hence
[76], we have
[
]
IIM 3 ∝ c3 ∝ (1 − η1 )(1 − η2 ) − η1 η2 γ 3
[

(37)
]

Isignal ∝ c1 ∝ (1 − η1 )(1 − η2 ) − η1 η2 γ .

(38)

It may be observed from Equation (37) that if the condition
of (1 − η1 )(1 − η2 ) = η1 η2 γ 3 is satisfied, then this would
ensure having c3 = 0 and hence we suppress the third-order
inter-modulation products. However, this would also reduce
the value of c1 in Equation (38), which would attenuate the
desired signal. Hence, this linearization comes at the cost of a
weaker desired signal, which would in turn result in a reduced
output SNR and an increased NF.

where I0 is the photo-detected signal, if there was no dualparallel modulation. The optical phase shifter of Fig. 39
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Vbias = Vπ /2

MZM B

MZM A

LD

Vbias = Vπ /2

PD

b) Dual-wavelength equalization: The strength of both
the required signal and of the intermodulation products in the
photo-detected signal depend on the switching voltage Vπ of
the MZM in Fig. 8. If two optical signals modulated by the
same data are photo-detected and subtracted from each other,
as seen in Fig. 41, then it is possible to suppress the thirdorder intermodulation products without totally suppressing the
required signal, provided that the switching voltages employed
in the two modulations schemes are different [78]. To expand
a little further, Fig. 41 shows the block diagram of an architecture that implements dual-wavelength equalization, where
the outputs of two laser diodes L1 and L2 are multiplexed
using the WDM scheme of Fig. 22(b) and fed into a MZM
modulator that is driven by the RF signal V (t) and biased at
Vbias Volts. Each of the two laser diodes operates at different
wavelengths, where we set the ratio of the MZM switching
voltages Vπ of Equation (5) at these wavelengths to r [78].
As shown in Fig. 41, after transmission through the fiber, the
signal is demultiplexed using the scheme of Fig. 22(b) and the
two wavelengths are separately photo-detected, amplified and
then subtracted. The ratio of the photo-detected signals after
amplification is A, when there is no optical modulation. The
mathematical
expression of the difference signal is as follows:
2

BPF

asymmetric MZM

V (t)

γV (t)

Fig. 40. Linearization using serial MZMs (LD- Laser Diode; MZM- MachZehnder Modulator; PD- Photo-diode; BPF- Band Pass Filter)

This concept of using those values of power-splitting ratio
and drive-voltage ratio that suppress the third-order distortion
can be extended to the architecture of Fig. 40 as well, where
two dual-drive MZMs, namely MZM-A and MZM-B, are
connected in series and are QP biased with Vbias = Vπ /2
[77]. The splitter as well as the coupler of MZM-B has an
asymmetric power coupling ratio of η, while the ratio of the
RF drive voltages to the MZMs is γ. Assuming the MZMs of
Fig. 40 operate in the push-pull mode of operation discussed
in Section II-A, the photo-detected signal is:
I(t) = Io
×

(t)
(t)
1 j( πV2Vbias + πV
1 −j( πV2Vbias + πV
2Vπ ) +
2Vπ )
π
π
e
e
2
2

2

√
√
πVbias
(t)
πγV (t)
√ √ j( πV2Vbias + πγV
2Vπ ) +
π
η ηe
1 − η 1 − ηe−j( 2Vπ + 2Vπ )

= 0.25Io [1 + cos(

πV (t)
πVbias
+
)]
Vπ
Vπ

× [0.5η 2 + 0.5(1 − η)2 + η(1 − η) cos(

πVbias
πγV (t)
+
)]
Vπ
Vπ

πV (t)
= 0.25Io [1 − sin(
)]
Vπ
2

Using the Taylor series expansion of the cos(x) terms and
exploiting the fact that the desired RF component Isignal
as well as the third-order inter-modulation product IIM 3 are
proportional to the co-efficients c1 and c3 , respectively, we
arrive at [78]:
[
]
πVbias
A
πVbias
Isignal ∝ c1 ∝ sin(
) − sin(
)
(42)
Vπ
r
rVπ
[
]
πVbias
A
πVbias
IIM 3 ∝ c3 ∝ sin(
) − 3 sin(
) .
(43)
Vπ
r
rVπ

(39)
(40)

k=0

Using the Taylor series expansion of Equation (39) we get
ck = 0 for all even k in Equation (40), while those values
of γ and η are chosen which would result in c3 = 0, thereby
suppressing the third-order distortions.
It is seen from Fig. 39 and Fig. 40 that linearizing the optical
modulation using parallely or serially connected MZMs relies
on a single laser and on multiple MZMs. We now discuss
an alternate technique designed for linearizing optical modulation, namely dual-wavelength equalization, which relies on
multiple lasers and on a single MZM.
Vbias
MZM
fiber

V (t)

+

The bias voltage Vbias is chosen so that the MZM is QP
biased or at least near-QP biased for both wavelengths, where
πVbias
= 2m+1
= 2n+1
we have πVVbias
2 π and
rVπ
2 π with m
π
and n being integers. When this specific biasing is used, we
) − rA2 cos( πVrVbias
)] ≈ 0, i.e. the photohave c2 = [cos( πVVbias
π
π
detected signal would only contain highly suppressed secondorder inter-modulation products. When the MZM
] biased,
[ is QP

−

IIM 3 of Equation(43) becomes [78]: IIM 3 ∝ 1− rA3 . Hence,

PD
demultiplexer

L2 LD

multiplexer

L1 LD

(41)

k=0

πγV (t)
× [0.5η + 0.5(1 − η) − η(1 − η) sin(
)]
Vπ
∞
∑
=
ck (V (t))k .
2

πVbias
πV (t)
+
)]
Vπ
Vπ
πVbias
πV (t)
− AIo [1 + cos(
+
)]
Vπ
rVπ
∞
∑
=
ck [V (t)]k .

I(t) = Io [1 + cos(

PD

the third-order inter-modulation products can be suppressed,
provided that the condition of A = r3 is maintained [78].
However, maintaining this would reduce the strength of Isignal
in Equation(42) and hence would increase the NF.

Fig. 41. Dual-wavelength equalization (LD- Laser Diode; MZM- MachZehnder Modulator; PD- Photo-diode)
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the photo-detected signal becomes:

The techniques conceived for linearizing the MZM transfer
curve of Fig. 9(a) that have been discussed so far either
employed multiple MZMs, as seen from Fig. 39 and Fig. 40,
or employed multiple lasers, as seen from Fig. 41. We now
continue our discourse about linearized optical modulators by
discussing a technique that relies on a single MZM and a single
laser to linearize optical modulation, but requires a polarizer.

polarizer

LD

MZM

Cross section of MZM

BPF

Output Power

θ

x axis

PD

Vbias
MZM transmission characteristics

polarization of light
z axis

fiber

π V (t)
+
)x̂
4
2Vπ
π γV (t) 2
+ cos(θ) cos(− +
)ẑ|
4
2Vπ
π V (t)
= I0 [sin2 (θ) cos2 ( +
)
4
2Vπ
π γV (t)
+ cos2 (θ) cos2 (− +
)]
4
2Vπ
V (t)
= I0 [sin2 (θ)(1 − sin(
))
2Vπ
∞
∑
γV (t)
2
+ cos (θ)(1 + sin(
))] =
ck (V (t))k .
2Vπ

I(t) = I0 | sin(θ) cos(

0

VπT E

Here I0 is the unmodulated photo-detected signal. Using the
Taylor series expansion of the trignometric terms in Equation
(45), it may be readily observed that there are no even
harmonics (i.e. we have ck = 0 for k being even) in the photodetected signal. This is because the MZM is QP biased for
both modes. The third-order inter-modulation IIM 3 and the
desired RF signal Isignal are proportional to the Taylor series
coefficients c3 and c1 , respectively. Hence from Equation (45)
we have,
[
]

VπT M

Vbias

Fig. 42. Linearization using polarization mixing (LD- Laser Diode; MZMMach-Zehnder Modulator; PD- Photo-diode; TE- Transverse Electric; TMTransverse Magnetic)

c) Polarization Mixing: The polarizarion of light characterizes the direction of its electric field vector. If an optical
signal that is propagating along the y-axis and is polarized
at an angle θ with respect to the z axis, as seen from Fig.
42, enters the modulator, then it results in a super-position
of a pair of waves within the MZM that have orthogonal
polarizations, which are typically referred to as the Transverse
Electric (TE) and the Transverse Magnetic (TM) waves [84].
Since the MZMs are sensitive to the polarization of the optical
signal, the switching voltages VπT E and VπT M are different
for each of these polarizations, as shown in the MZM transfer
characteristics of Fig. 42. The switching voltages and the bias
voltage Vbias applied satisfy the following conditions:

πVbias
π(4m + 1)
πVbias
π(4n + 3)
=
and T M =
,
VπT E
2
Vπ
2

(45)

k=0

TE wave
TM wave

IIM 3 ∝ c3 ∝

sin2 (θ) − cos2 (θ)γ 3
[

Isignal ∝ c1 ∝

(46)
]

sin (θ) − cos (θ)γ
2

2

2

(47)

(θ)
= γ13 is satisfied, then this would
If the condition of cos
sin2 (θ)
ensure c3 = 0 in Equation (46) and hence we would suppress
third-order inter-modulation products in the photo-detected
2
(θ)
signal I(t) of Equation (45) [84], where physically cos
sin2 (θ)
is the ratio of the optical power in the TE and TM modes
of Fig. 42. However, according to Equation (47), this would
also reduce the value of c1 , i.e. it would reduce the desired
signal. On the other hand, unlike the architecture of Fig. 42
discussed here, the one in [79] did not rely on the TE and TM
modes having opposite slopes at the QP of the MZM transfer
curves in Fig. 42. Instead, it relied on two linear polarizers for
suppressing the non-linear sidebands within the optical field.
Explicitely, the authors of [79] cancelled some of the optical
sidebands that contribute to the third-order distortion of the
photo-detected signal, namely the sidebands at fc + 2f1 − f2
Hz and fc + 2f2 − f1 Hz. Here, fc Hz is the optical frequency
of the laser whose output was externally modulated using a
dual-tone RF signal at f1 Hz and f2 Hz by the linearized
modulator. Finally, similar polarization mixing techniques may
also be employed for linearizing a phase modulator [85].
Having studied the subset of linearized modulators within
the family of techniques designed for increasing the linearity
of optical modulation, we now study how optical and electrical
filtering can be invoked for increasing the linearity of optical
modulation in the next two techniques to be discussed below.

(44)

V TE

where m as well as n are integers and γ = V πT M may be
π
used for denoting the ratio of VπT E and VπT M . It can be seen
from the MZM transfer characteristics of Fig. 42 that for a bias
voltage of Vbias both waves experience QP biased modulation,
and that the transfer characteristics have opposite slopes at
this bias voltage. The pair of waves can be mathematically
described by the orthogonal components of a vector. Hence,
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ω − 2ω + ω
ωc − ω1 − ω2 ωc − 2ω2 + ω1 c 1 2 ωc
ωc + ω1 + ω2
modulation by filtering out the components at (ωc ± ωm ∓ ωn )
ω
−
ω
+
ω
for
m, n ∈ {1, 2, 3}.
c
1
2
ωc + ω1 − ω2
ωc − 2ω2 ωc − 2ω1
We now study the final technique designed for increasωc − 2ω1 + 2ω2
ωc + 2ω2
ing the linearity of optical modulation, namely pre-distortion
ωc + 2ω1

and post-compensation. These techniques, unlike the previous
techniques of the family, are implemented in the electronic
domain, rather than in the optical domain.

ωc − ω2 ωc − ω1 ωc + 2ω1 − 2ω2

Base Station

Photodetection
Data

2ω1 − ω2

2ω2 − ω1
·· · ·

· ·· ·
ω1 ω2
Fig. 43.

C1

Data

Optical spectrum of non-linear OSSB modulation
mcos(ω1t) + mcos(ω2t)

OSSB Modulation

optical
coupler

optical
filtering

PD

LD
Attenuator and phase delay

RAP

post−
compensation
filters

RF to
baseband
demodulator

Optical
Receiver
(O−E)
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filter

baseband
to RF
modulator

Optical
Transmitter
(E−O)

fiber

Optical
Transmitter
(O−E)

fiber

Optical
Receiver
(O−E)

Fig. 45.
Linearization using pre-distortion and post-compenasation
filters, as discussed in [82] (RAP- Radio Access Point; O-E- Optical to
Electronic; E-O- Electronic to Optical)

BPF

C2

I. Pre-distortion and post-compensation

Fig. 44. Linearization using optical filtering (LD- Laser Diode; PD- Photodiode; BPF- Band Pass Filter)

The non-linearities encountered in optical modulation can
be compensated for at the optical transmitter and receiver
by pre-distortion and post-compensation, respectively, using
electronic filters. Fig. 45 of [82] shows the block diagram
of an architecture that employs transmitter pre-distortion and
receiver post-compensation filters in the BS, where again,
the pre-distortion filter compensates for the non-linear effects
of the ROF Downlink (DL) prior to the actual transmission,
while the post-compensation filter removes the higher order
sidebands generated by the non-linear effects after the ROF
Uplink (UL) transmission [82]. Both these filters are located
at the BS and hence have the advantage of centralised signal
processing. This filter-based compensation technique may be
used in ROF links employing both the direct [83] as well
as the external modulation schemes of Fig. 6(a) and Fig. 8,
respectively.
During DL transmission, the data signal is firstly predistorted using the non-linear characteristic of the filter, then
upconverted to RF and finally employed in modulating the DL
optical carrier, as seen in Fig. 45. This DL optical signal is
transmitted to the RAP, where it is photo-detected and then
wirelessly transmitted to the MS. The UL wireless signal
received at the RAP of Fig. 45 is employed for modulating the
UL optical carrier followed by transmission to the BS, where
the UL ROF signal is photo-detected and then downconverted.
Finally, the signal is fed to the post-compensation filter of Fig.
45 and then decoded. These filters can also be made adaptive,
since the modulated response varies significantly between
various lasers [82]. The sinusoidal transfer function of a MZM
shown in Fig. 9(a) can be compensated by applying a arcsine
filter1 to the modulating signal prior to optical modulation
[86].

H. Optical filtering:
Fig. 43 [80] shows the optical spectrum after an optical
ωc
carrier at fc = 2π
Hz has been OSSB modulated by two RF
ω2
1
tones having frequencies of f1 = ω
2π Hz and f2 = 2π Hz. Fig.
43 [80] also shows the spectrum of the photo-detected signal.
As shown in Fig. 43, the most significant inter-modulation
products in the photo-detected signal are the third-order intermodulation products which are located at (2ω1 − ω2 ) and
(2ω2 − ω1 ). The major pairs in the optical spectrum of Fig.
43 that beat together during photo-detection and generate
the third-order inter-modulation product at (2ω1 − ω2 ) are
those at {ωc , ωc − 2ω1 + ω2 } and {ωc − ω1 , ωc + ω1 − ω2 }.
Similarly, the major pairs in the optical spectrum of Fig.
43, that beat together during photo-detection and generate
the inter-modulation product at (2ω2 − ω1 ) are those at
{ωc , ωc − 2ω2 + ω1 } and {ωc − ω2 , ωc − ω1 + ω2 }. While
the sidebands at (ωc − ω1 ) and (ωc − ω2 ) in Fig. 43 are
the required modulation sidebands, those at (ωc − 2ω1 + ω2 )
and (ωc − 2ω2 + ω1 ) are too close to the required sidebands
to be easily filtered out using low-cost optical filters. By
contrast, the sidebands at (ωc + ω1 − ω2 ) and (ωc − ω1 + ω2 )
may be readily filtered out using inexpensive optical filters.
The architecture that implements this filtering technique is
shown in Fig. 44, where the unmodulated laser output power
is split into two halves using the coupler C1 . One of the
outputs of C1 , namely the upper branch, is OSSB modulated
followed by optical filtering for removing the sidebands at
(ωc +ω1 −ω2 ) and (ωc −ω1 +ω2 ) in Fig. 43. The optical filter
also filters out the optical carrier at ωc . Then, after accurate
attenuation and phase-shift, the optical carrier is re-introduced
using the other output of coupler C1 , namely the lower branch
of Fig. 44. This technique can also be extended to three-tone

1 A filter in which the ouput is related to the input through a inverse sine
function.
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J. Overcoming the effects of fiber non-linearity

LD1

LD2
Signal s1

λ1

λ2

LD3

λ̂1

LD4

λ̂2

MZM

As was discussed in Section II-B, XPM and SPM are the
undesired consequences of the fiber’s non-linearity. The detrimental effects of these phenomena can be greatly reduced by
using constant-amplitude optical modulation schemes like optical frequency and optical phase modulation, which however
requires additional components for photo-detection, as was
discussed in Section III-B. Additionally, two basic techniques
have been proposed in the literature for suppressing the effects
of fiber non-linearity, including multiple fiber transmission
[87] and carrier suppression [87]. Multiple fiber transmission
is similar to the balanced photo-detection technique of Fig.
34, since both techniques involve the removal of the undesired components by adding two replicas of the same signal.
However, multiple fiber transmission requires the transmission
of the signals through a pair of identical fibers at different
wavelengths. For example, as seen in Fig. 46, a pair two
signals s1 and s2 may be modulated onto the wavelengths
λ1 generated by laser LD1 and λ2 generated by laser LD2,
respectively and then transmitted through the fiber F1 for
photo-detection. Similarly, these signals are also modulated
onto the wavelengths λ̂2 generated by laser LD4 and λ̂1
generated by laser LD3 and then transmitted through the fiber
F2 for photo-detection, as portrayed in Fig. 46. The specific
choice of these four wavelengths should meet the following
criteria [87]: λ1 − λ2 = λ̂1 − λ̂2 and D1 = −D2 , where D1
and D2 are the dispersion parameters of the fibers F1 and F2 ,
respectively, as defined in Section II-B. In such a scenario the
XPM crosstalk contamination imposed on the received signals
in the pair of optical fibers are 1800 out of phase and hence
they would cancel out each other after their addition [87]. The
disadvantage of this technique is the need to transmit the same
signal through multiple fibers, thereby reducing the achievable
throughput.
On the other hand, as discussed in Section V-B, carrier
suppression improves the receiver sensitivity of the link, which
implies that the transmitter can operate at a lower transmit
power, thereby reducing the effects of fiber non-linearity.
Let us now continue our discourse by considering the family
of techniques designed for overcoming chromatic dispersion.
K. Overcoming Chromatic Dispersion
Chromatic dispersion, originally discussed in Section II-B,
results in symbol-broadening [24] and an associated powerreduction penalty [34], and hence increases the BER of the
ROF link. A ROF link that employs the ODSB modulation
technique of Fig. 16(a) along with the direct photo-detection
technique of Fig. 13(a) constitutes the most common ROF
implementation, which is a direct consequence of its low
cost as well as low complexity. However, the disadvantage of
employing ODSB modulation is the above-mentioned chromatic dispersion-induced power penalty, where the chromatic
dispersion imposes a phase-shift of the optical signal propagating through the fiber. The frequency-dependent phase-change
imposed by chromatic dispersion results in a phase-difference
between the upper and lower sidebands in the ODSB signal

F1
PD

MZM
MZM

F2
WDM

Signal s2

WDM

We now conclude our discussions on the family of techniques conceived for increasing the linearity of optical modulation. While the OIL techniques of Fig. 35, Fig. 36 and
Fig. 37 significantly increase the linearity of direct optical
modulation, they cannot be used for increasing the linearity
of the external optical modulation of Fig. 8. Moreover, they
significanlty increase the complexity of the optical transmitter.
It requires polarization matching between the master- and
slave-laser, which are connected using sophisticated polarization maintaining fibers. Unlike OIL, the optical feed-forward
linearization technique of Fig. 38 may be beneficially applied
for eliminating the distortions in the case of both direct as
well as external modulation [65]. However, this technique
requires both accurate amplitude and phase matching for
attaining a beneficial distortion and noise reduction, which
may be achieved by using the amplifiers and delay elements
of Fig. 38. The phase-mismatch introduced by the chromatic
dispersion of the fiber may be compensated, provided that the
transmitter is designed for a fixed fiber length, which would
however relatively limit the employement of such a transmitter.
Additionally, it is worth noting that this linearization technique
is also associated with a relatively high implementational
cost [83]. Employing the linearized MZMs of Fig. 39, Fig.
40, Fig. 41 and Fig. 42 results in the suppression of the
distortion, but it is accompanied by the suppression of the
desired signal as well. The subsequently discussed optical
filter-based linearization of optical modulation. as shown in
Fig. 44, results in significant performance improvements.
However, this scheme relies on the filtered sidebands found
at (ωc + ω1 − ω2 ) and (ωc − ω1 + ω2 ) in the optical spectrum
of Fig. 43 being sufficiently far from the desired sidebands
at (ωc − ω1 ) and (ωc − ω2 ), thereby imposing restrictions on
the usable RF frequencies. We finally discussed the electronic
filter-based technique of Fig. 45, which is effective in the
case of external modulation, but cannot easily suppress both
the higher harmonics and the inter-modulation products in
direct modulation [65]. Moreover, the operational bandwidth
of these electronic techniques is limited [65]. Nevertheless,
their strength is their relatively low implementational cost,
when compared to other optical techniques [83].
Having focussed our attention on the benefits of increasing
the linearity of optical modulation, let us now concentrate our
attention on the family of techniques that help in overcoming
fiber-nonlinearity.

PD

MZM

Fig. 46. Multiple fiber transmission for overcoming the effects of fiber
non-linearity (LD-Laser Diode; MZM- Mach Zehnder Modulator; PD- Photodiode; WDM- Wavelength Division Multiplexing)
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TABLE III
R ADIO OVER F IBER (ROF) P ERFORMANCE I MPROVEMENT T ECHNIQUES (PART 3)
Technique
Overcoming fiber
non-linearity

Overcoming Chromatic
Dispersion

Digitized Radio Over
Fiber (DROF)

Year
2000

Authors
Yang et al. [87]

1997

Marti et al. [88]

1997

Smith et al. [39]

1997

Smith et al. [27]

1998

Ramos et al. [89]

1999

Sotobayashi et al. [90]

2006

Yu et al. [91]

2009
2014

Nirmalathas et al. [92]
Yang et al. [93]

Contribution
Signal transmission using 2 parallel fibers reduced the crosstalk by 15 dB over 200
MHz, while carrier suppression reduced the crosstalk by 20 dB over 2 GHz.
Chromatic dispersion was overcome by compensating the differential delay between
the optical frequencies using a Tapered Linearly Chirped Grating (TLCG).
An OSSB signal was generated using a dual-drive MZM and was shown to suffer
from a lower dispersion-induced power penalty than ODSB modulation.
It was shown that the deteriorating effects of chromatic dispersion can be
reduced by using chirped OSSB signals.
Fiber non-linearity induced Self-Phase Modulation (SPM) was gainfully used for
generating chirp having polarity that is opposite to the dispersion-induced chirp.
The dispersion-induced power penalty inflicted on an ODSB signal carrying a 60
GHz RF signal was reduced by using mid-way Optical Phase Conjugation (OPC).
It was shown that Optical Carrier Suppression (OCS) modulation has a high spectral
efficiency and receiver sensitivity and small dispersion-induced power penalty.
It was shown that DROF ensured greater link linearity and exhibited the performance
advantages of a digital optical link.

of Fig. 16(a). The photo-detected signal is proportional to the
optical power P (t) = |E(t)|2 , with E(t) being the optical
field-strength of the ODSB signal, where the optical power is
attenuated owing to the destructive interference between the
beating sidebands. Hence, this optical power-attenuation is referred to as dispersion-induced power-penalty. The attenuation
of the optical power results in the attenuation of the electronic
power Prf of the photo-detected signal at frf Hz, where the
extent of attenuation is given by [34]:
[
]
2
π · L · D · λ2c · frf
Prf ∝ cos2
,
(48)
c · [1 − π2 · arctan(αchirp )]

from employing the fiber-gratings of Fig. 49, chirped optical
signals, the optical phase conjugation technique of Fig. 53 and
the exploitation of SPM [89], which are detailed below.

where D is the chromatic-dispersion parameter (also called
GVD parameter) of Equation (10) discussed in Section IIB, L is the length of the fiber, λc is the wavelength of
the optical carrier, c is the speed of light in vacuum and
αChirp is the chirp parameter of the signal. Chirping in an
intensity-modulated optical signal refers to a time-dependent
variation of the instantaneous optical frequency from its ideal
value of fc = λcc Hz. Thus, chromatic dispersion limits the
both the affordable fiber lengths L and the modulating-signal
frequencies frf , when ODSB modulation is employed [94].
Chromatic dispersion can be compensated by using specialised
fibers called Dispersion Compensation Fibers (DCF) [24]. If
Dcomp is the dispersion parameter of the DCF, then chromatic
dispersion can be overcome by propagating the optical signal
through Lcomp meters of the DCF, after it has propagated
through L meters of the standard SMF, provided that the
following condition is met [24]:

a) Dispersion-tolerant modulation schemes: Employing
the OSSB and OCS optical modulation formats of Fig. 16(b)
and Fig. 16(c), respectively, results in a high degree of
immunity to the dispersion-induced power penalty [39], [91].
Additionally, the BS transmitter may modulate a BB signal
onto the optical carrier, while, at the RAP, the heterodyne
photo-detection technique of Fig.13(b) would ensure the generation of an up-converted RF signal that does not suffer from
the dispersion-induced power penalty.
The detrimental effect of chromatic dispersion increases
as the optical bandwidth of the signal increases. Hence, the
resilience of OSSB modulation to chromatic dispersion can
be further improved by employing electronic single-sideband
modulating signals during optical modulation, instead of the
usual electronic double-sideband signal [34]. Fig. 47(a) and
Fig. 47(b) illustrate the optical spectra of OSSB signals that
have been generated using electronic double-sideband and
single-sideband signals, respectively [34]. Even when OSSB
modulation is employed, some residual chromatic dispersion
persists because the modulating signal has a finite bandwidth
of 2B around the RF carrier fRF , as seen in Fig. 47(a). As seen
from Fig. 47(b), the excess-bandwidth can be eliminated by
employing an electronic single-sideband signal during optical
modulation, instead of the usual electronic DSB signal [34],
which leads to a further reduction of the detrimental effects
of chromatic dispersion.
However, unlike the ODSB modulation, the OSSB and

Dcomp · Lcomp = −D · L.

ωRF

ωRF

B

2B

ωc

ωc

(a) Using Electronic Double Side (b) Using Electronic Single Side
Band (EDSB) signal
Band (ESSB) signal
Fig. 47. Optical Single Side Band (OSSB) signal spectrum

(49)

The compensation of non-linearity in optical modulation using
electronic filters was discussed in Section V-I. Similarly, even
chromatic dispersion can be compensated using electronic
equalisers [10].
Additionally, other techniques that have been proposed in
the literature for overcoming chromatic dispersion include
employing dispersion-tolerant schemes like the OSSB and
OCS modulation schemes of Fig. 16(b) and Fig. 16(c), apart
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While this technique is potentially capable of compensating the effects of chromatic dispersion, it also requires an
additional optical filter with a carefully designed optical delay
profile. In the next section, we discuss a technique, namely
the employement of chirped optical signals, that is easier to
implement.

OCS modulations, primarily rely on the external modulation
technique of Fig. 8(b) that employs a dual-drive MZM [34].
Thus, if we are constrained to employ ODSB modulation,
then we may overcome the limitations imposed by chromatic
dispersion by relying on the techniques discussed below, where
employing fiber-gratings is discussed first.
optical
modulator

LD

1

3
PD

fiber

BPF

0
−5

RF Tx

Power attenuation

2
TLCG

Fig. 48.
Chromatic dispersion compensation using a Tapered Linearly
Chirped Grating (TLCG)(LD- Laser Diode; RF Tx- RF Transmitter; PDPhoto-diode; BPF- Band Pass Filter)
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Power attenuation induced by chromatic dispersion [27]

c) Chirped optical signals: The dispersion-induced
power-reduction of ODSB signals was formulated in Equation
(48), where it can be observed that the extent of powerreduction depends on both the magnitude and polarity of the
chirp parameter αchirp of the transmitted signals. Fortunately,
the power-reduction could be lessened by introducing chirp
in the transmitted signal, as shown in Fig. 51, while ensuring
that this chirp has the reverse polarity with respect to the chirp
induced by the chromatic dispersion [27]. It can be seen from
Equation (3) that the dual-drive MZM of Fig. 8(b) introduces
an adjustable chirp, where the value of αchirp depends on
the amplitudes of both the drive voltages that are applied to
the arms of the dual-drive MZM, i.e. on V1 (t) and V2 (t). As
discussed in Section II-A, zero-chirp operation is possible, if
the dual-drive MZM of Fig. 8(b) operates in the push-pull
mode. If V1 (t) and V2 (t) are sinusoidal signals associated with
amplitudes of V1 and V2 , respectively, then we have [27]:

higher refractive index

Fig. 49.

10

Optical delay of Tapered Linearly Chirped Grating (TLCG)

b) Fiber gratings: As discussed in Section II-B, chromatic dispersion occurs because the propagation velocity of
the different frequencies contained in the optical signal are
different. Thus, chromatic dispersion manifests itself in the
form of the various frequency components having different
delays. This delay difference can be equalized by using the
technique of Fig. 48 that relies on the Tapered Linearly
Chirped Grating (TLCG)1 optical filter [88], where the ouput
ωc
of a laser operating at an optical frequency of fc = 2π
Hz
is modulated using a RF signal and then transmitted over the
fiber. At the receiver of Fig. 48, the optical signal enters port
1 and exits from port 2 of the optical circulator (OC). The
signal then enters the TLCG and it is reflected back into port
2 of the OC. Finally, the signal exits from port 3 and then it
is photo-detected. As seen from Fig. 50, within its reflectivity
bandwidth2 that is centered around the optical carrier of ωc ,
the TLCG introduces an optical delay that is a near-linear
function of the optical frequency. Thus, as seen from Fig. 50,
the frequency-dependent dispersion-induced delay introduced
by the optical fiber can be compensated by using a TLCG
[88].

V1 + V2
π(Vbias − Vπ )
tan(
)
V1 − V2
2Vπ
V1 + V2
=±
(ODSB signal),
V1 − V2

αchirp =

(50)

π
where Vbias = (2n+1)V
for ODSB modulation for n = 0, 1, ...
2
The dual-drive MZM typically has a non-ideal extinction ratio
of γ ̸= 1, where for the case of ODSB signal transmission we
V1 +γ 2 V2
have αchirp = γ(V
[95]. As discussed in Section II-A, the
1 −V2 )
ideal value of γ is 1. Fig. 51 compares the dispersion-induced
power attenuation when using unchirped and chirped optical
signals, where the dispersion-induced power attenuation is
shown for the case of ODSB transmission, that employs an
optical wavelength of 1550 nm, a sinusoidal RF modulating
signal of 12 GHz and a fiber having a dispersion parameter
of D = 17ps/nm/km [27]. It can be seen from Fig. 51, that
using negative values of αchirp reduces the dispersion-induced
power attenuation [27].
While the above techniques rely on a MZM for generating
a chirp that compensates the dispersion-induced chirp, the
technique discussed in the next section relies on the otherwise

1 The linearly chirped FBG of Fig. 49, unlike the conventional FBG of Fig.
18(a), has a linear increase/decrease of the otherwise constant grating period.
The TLCG consists of a linearly chirped fiber grating that is implemented in
a tapered fiber.
2 Band of frequencies pre-dominantly reflected by the optical filter.
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midway through the fiber-length [90]. This would ensure a
similar dispersion-induced phase-shift in both the upper and
the lower sidebands, which eliminates the detrimental phasedifference. This technique is referred to as Optical Phase
Conjugation (OPC). Fig. 53 shows the block diagram of
optical phase conjugation, where an ODSB signal is generated
by modulating an optical carrier at ωc using a RF signal at
ωRF . The ODSB signal consists of the optical carrier along
with lower and upper sidebands at ωc − ωRF and ωc + ωRF ,
respectively. The signal enters the phase conjugator of Fig. 53
after propagating half-way through the fiber length. As shown
within the phase conjugator of Fig. 53, a high-power optical
carrier at ωpump , that is referred to as the pump signal, is coupled with the optical signal being transmitted. This combined
signal is optically amplified, followed by optical filtering to remove the optical amplifier’s out-of-band ASE noise discussed
in Section II-D and it then enters a Semiconductor Optical
Amplifier (SOA). The FWM process originally introduced in
Section II-B, that occurs within the SOA between the pump
signal ωpump and the modulated signal, generates an additional
signal as per Equations (11) and (12) [90], where the signalspectrum at the output of the conjugator is shown in Fig. 54.
It should be noted that the wavelength-conversion efficiency
is polarization sensitive and hence the modulated signal and
pump signal must be polarization matched using a polarization
controller, prior to their coupling. It can be seen from Fig. 54
that the lower sideband of the original signal correponds to the
upper sideband in the new signal and vice-versa. The resultant
optical signal is then filtered, amplified and transmitted over
the remaining half of the fiber link. Additionally, the effect
of SPM, originally introduced in Section II-B, is partially
compensated by OPC [90]. Naturally, perfect compensation
of the power-dependent SPM would have been possible only
if the power variation along the fiber length was perfectly
symmetric with respect to the position of the phase conjugator
[90]. However in reality, the optical power gradually reduces
as the signal propagates through both the fiber segments in
Fig. 53.
We now conclude our discussions on the family of techniques conceived for overcoming chromatic dispersion and
move on to the next performance improvement technique,
namely Digitized Radio Over Fiber (DROF). The digital
optical link used in long-distance wired optical communication
provides a better performance than the ROF link of Fig. 3.
Hence, DROF aims for incorporating the advantages of a
digital optical link in ROF communication.

undesired effect of SPM for compensating the the dispersioninduced chirp.
RF Tx
LD

optical fiber

MZM

PD

Bias voltage

RF Rx

BPF

optical amplifier

Fig. 52. Chromatic dispersion compensation using Self-Phase Modulation
(SPM) (LS- laser Diode; RF Tx- RF Transmitter; PD- Photo-diode; BPFBand Pass Filter; RF Rx- RF Receiver)

d) Beneficial exploitation of SPM: As discussed in
Section II-B, SPM is imposed by the fiber’s non-linearity and
it becomes significant, when a high optical transmit-power
is employed. This is the case in the architecture of Fig. 52
owing to inserting an optical amplifier in the transmitter. SPM
introduces a chirp that has the opposite polarity to the chirp
that is introduced by chromatic dispersion [89]. Thus, SPM can
be employed for reducing the effects of chromatic dispersion
[89], where the extent of SPM-induced chirp depends both on
the optical power levels and on the fiber length. However, the
technique of Fig. 52 may need the use of an additional optical
equipment, namely an optical amplifier, which also adds ASE
noise. The main limitation of this technique is the inevitable
accompanying non-linear phenomenon of Stimulated Brillouin
Scattering (SBS), which was discussed in Section II-B. Hence,
the resultant SBS must be suppressed using other techniques.
Additionally, the high optical power levels used in this technique may result in fiber’s non-linearity inducing significant
inter-modulation in SCM systems and XPM in WDM systems.
We now continue our discourse on the family of techniques
designed for overcoming chromatic dispersion by considering
the optical phase conjugation technique that aims for eliminating the dispersion-induced phase-difference between the upper
and lower sidebands in the ODSB signal of Fig. 16(a).
Phase Conjugator
optical
SOA
filtering

fiber
LD
ωc

ODSB
modulator
RF Tx at ωRF

fiber
amplify
and filter

PD

BPF

LD ωpump

Fig. 53. Chromatic dispersion compensation using Optical Phase Conjugation
(LS- laser Diode; RF Tx- RF Transmitter; PD- Photo-diode; BPF- Band Pass
Filter)
FWM

L. DROF architecture
LSB ωc USB

ωpump

LSB

All the ROF architectures discussed so far modulate the
analog RF signal onto the optical carrier, as seen from Fig.
3, which, for the sake of contrast, we refer to as Analog
Radio Over Fiber (AROF). By contrast, in Digitized ROF
(DROF), the RF signal is sampled, digitized and then is
used for modulating the optical carrier. The main motivation
behind the design of the DROF architecture is the desire
to have a digital optical link and at the same time rely on

USB

Fig. 54. Optical phase conjugation using Four Wave Mixing (FWM) (LSBLower Side Band; USB- Upper Side Band)

e) Optical Phase Conjugation: An ODSB signal suffers
from the dispersion-induced power-reduction imposed by the
phase-difference between the upper and lower sidebands. This
power-penalty can be avoided by swapping the two sidebands
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Fig. 56.

DROF link block diagram

spectrum of the RF signal
magnitude

the photo-detected signal is fed to a DAC, followed by downconversion to a BB signal. The transmitted UL bits are then
detected from the BB signal, by employing Digital Signal
−ωRF
ω
ωRF
Processing (DSP) techniques [92].
spectrum of RF the signal after bandpass sampling
magnitude
The advantage of employing optical BB modulation is
ωsampling
that
one can use inexpensive direct modulation [92] or an
· ·· ·
· ·· ·
external
modulator having a low-modulation bandwidth [96].
ω
Furthermore, typically a performance improvement is achieved
−ωRF
ωRF
ω
by employing a digital optical link. Employing a DROF
architecture, that involves the transmission of optical signals
Fig. 55. Bandpass sampling
carrying BB digital data, has a high degree of tolerance to
centralised signal processing at the BS [92]. In the DROF the previously mentioned dispersion-induced power-penalty
architecture of Fig. 56, the signal processing required for [3] and also ensures a higher degree of linearity of the opticalgenerating the DL RF signal is carried out at the BS, where link. Hence, DROF provides a better performance than the
the RF signal is digitized before modulating the optical carrier conventional ROF architecture of Fig. 3 [92], [93]. However,
[92]. Conventional sampling of the RF signal at a rate higher the trade-off in this case is the need for using ADCs and
than twice the highest frequency present in the signal using DACs and hence DROF has a more complex and costly
the Nyquist Theorem is not practically feasible, because of the RAP than the conventional ROF link of Fig. 3. Furthermore,
high values of the wireless carrier frequency. Hence, typically BB optical modulation is also employed in fiber-based wired
critical bandpass sampling is used [92], which is illustrated in optical communication and has been extensively dealt with in
Fig. 55, where the sampling frequency is chosen to satisfy the various tutorials [97] and books [24].
At this point it is worth mentioning that despite the low
aliasing-free condition, so that the original analog RF signal
sampling
rate achieved using bandpass sampling, the bit rate
can be reconstructed by using a bandpass filter centered at
ωRF
of
the
DROF
link may still be high, because it is the product
fRF = 2π Hz and having a bandwidth of B Hz. The valid
of
the
sampling
rate and the ADC’s bit-resolution. Recently, a
bandpass sampling rates for a bandwidth of B are [92]:
variant
of
the
DROF
technique, namely sampled RF-over-fiber,
2(fRF + B2 )
2(fRF − B2 )
fRF + B2
was
proposed
to
overcome
this challenge [93]. The solution in
≤ fs ≤
∀1≤k≤⌊
⌋, (51)
k
k−1
B
[93] had a similar architecture as Fig. 56, with the difference
where ⌊w⌋ represents the integer part of w and k is an integer. that the ADC only samples the RF signal using a sampleThus, when employing bandpass sampling, the sampling rate and-hold circuit without quantizing or encoding the sampled
depends on the bandwidth of the signal, rather than, on the values. The sampled baseband signal is then transmitted over
the ROF link. In the UL, the BS’s receiver filters out the
highest frequency present in the signal [92].
Fig. 56 illustrates the block diagram of a DROF architecture down-converted version of the RF signal from the spectrum
[92], where the DL BB signal is generated, upconverted and of the baseband sampled signal, while in the DL, the RAP’s
digitized using an Analogue to Digital Convertor (ADC) at receiver filters the image at the RF frequency. However, in the
the BS. The digitized signal is then employed in modulating DL, employing a higher carrier frequency results in a weaker
the optical carrier. At the RAP, the photo-detected BB signal filtered image.
We now conclude our discussions on the performance
is fed to a Digital to Analogue Convertor (DAC) and the
RF signal is reconstructed. The reconstructed RF signal is improvement techniques designed for ROF communications by
then amplified using a power amplifier and transmitted over referring back to Fig 4 and Fig. 23. It becomes plausible from
the wireless channel. As shown in Fig. 56, the UL signal our discussions on the performance improvement techniques
received at the RAP is amplified, bandpass filtered, digitized that while the designer has access to the plethora of techniques
and employed for modulating the optical carrier. At the BS, listed in Fig. 23 to choose from, there is also a cost to be
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home of the end user
BB Tx

ωbaseband

LD

multiplexer

LD

optical
modulator
optical
modulator

VI. C OST R EDUCTION T ECHNIQUES

FTTH
network

demultiplexer

paid, as seen from Fig 4. The higher the implementational
cost and complexity of the technique, the better the performance improvement is expected to be. Hence, we complete
our discourse with a discussion of the various cost-reduction
techniques designed for ROF communications, as listed in Fig.
23.

RF Tx

The various cost reduction technqiues proposed for ROF
communications, as seen from Fig. 23, include the family of
techniques designed for integrating ROF communication with
the existing Fiber To The Home (FTTH) optical networks, the
family of techniques conceived for implementing wavelength
reuse and the set of techniques proposed for reducing the
number of lasers, which will be discussed in Sections VI-A,
VI-B and VI-C, respectively.

ωROF

baseband
data

ROF signal
for indoor wireless
communication
optical signal
carrying baseband
data for wireline
communication

ROF signal

ωbaseband ωROF
Fig. 57. Using separate optical carriers for optical baseband and optical
RF modulation (LD- laser diode; RF Tx- RF transmitter; BB Tx- Baseband
Transmitter; FTTH- Fiber To The Home)

wireless communication [103]. In this case the BS would
be several kilometers away from the customer premises. In
the case of larger houses/buildings the demultiplexed ROF
signal would enter an in-building optical network that supports
several RAPs [106].

A. Integration with existing FTTH optical networks
The penetration of the optical fiber to the end user is
increasing at a rapid rate, because the telecommunication
service providers are attempting to support increased wired
data rates for their customers. These networks are referred to as
Fiber To The Home (FTTH) networks. It should be noted here
that wired signals in this manuscript refer to the fiber signals
for stationary devices like personal-computers, while wireless
signals refers to the signals for mobile devices. The wired
signal that is carried by the FTTH networks is of baseband
(BB) nature, while the ROF signal is of RF nature. Hence,
transmitting the ROF signals over both the existing FTTH
networks [103] and indoor optical networks [104] would result
in significant cost advantages and in efficiently exploiting the
bandwidth of the existing fibers. This kind of integration can
be achieved in the following ways:
1) Employing separate optical carriers for optical BB and
optical RF modulation [105];
2) Employing a single optical carrier for two-step optical
BB and optical RF modulation;
3) Employing a single optical carrier for simultaneous optical BB and optical RF modulation.
Note that the terms optical BB modulation and optical
RF modulation in this manuscript refer to the modulation
of electronic BB and electronic RF signals onto the optical
carrier, respectively.
1) Employing separate optical carriers for optical baseband and optical RF modulation: Separate optical carriers
can be employed at the BS for transmitting the BB wired
signal and the ROF wireless signal. As shown in Fig. 57, lasers
operating at optical frequencies of fbaseband = ωbaseband
Hz
2π
Hz
are
modulated
by
the
BB
wired
signal
and fROF = ωROF
2π
and the RF wireless signal, respectively. These two signals
are then multiplexed for generating a signal, whose spectrum
is shown in Fig. 57. As shown in Fig. 57, the multiplexed
signal is transported over the FTTH network to the home of
the end user, where it is demultiplexed. The optical signal
carrying the BB data directly supports the wired devices,
while the ROF signal is fed to a RAP that supports indoor

home of the end user

Vbias = Vπ
FTTH
LD
BB Tx

MZM

MZM

PD

BPF

PD

LPF

network

ωLO

RF signal at 2ωLO
for indoor wireless
communication
baseband data
for wireline
communication

optical coupler
Fig. 58. Employing a single optical carrier for two-step optical baseband
and RF modulation (LD- laser diode; MZM- Mach-Zehnder Modulator; BB
Tx- Baseband Transmitter; PD- Photo-diode; BPF- Band Pass Filter; FTTHFiber To The Home; LPF- Low Pass Filter)

2) Employing a single optical carrier for two-step optical
baseband and RF modulation: Instead of using separate
optical carriers, the wired BB data and the wireless RF signal
may be modulated onto the same optical carrier at the BS in
two modulation steps and then transmitted to the RAP. Fig. 58
shows the block digram of a 2-step modulation for integrating
ROF and FTTH transmission [101]. Observe in Fig. 58 that
the output of the laser operating at an optical power of Pin is
BB modulated by the bit stream b(t) using an MZM having
a switching voltage of Vπ . Then, the BB modulated optical
signal power PBB is:
[
PBB = Pin

]
πb(t)
1 − cos(
) ,
Vπ

(52)

where we have b(t) = 0 and b(t) = Vπ for bits ’0’ and
’1’, respectively. As shown in Fig. 58, the output of the BB
modulation step is then OCS modulated using a RF tone
VLO cos(ωLO t) that drives a MITP biased MZM to generate
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TABLE IV
R ADIO OVER F IBER (ROF) C OST R EDUCTION T ECHNIQUES (PART 1)
Technique

Integration with
existing Fiber To
The Home
(FTTH) networks

Year
1997

Authors
Blumenthal et al. [98]

2001

Kamisaka et al. [99]

2007

Jia et al. [100]

2007

Jia et al. [101]

2007

Lin et al. [102]

2008

Llorente et al. [103]

Contribution
Simultaneous optical modulation of a 2.5 Gbps baseband (BB) signal and a 100 Mbps,
5.5 GHz RF signal on a single optical carrier was implemented using a Mach
Zehnder Modulator (MZM).
Simultaneous optical modulation of a 10 Gbps BB signal and a 155 Mbps, 60 GHz RF
signal on a single optical carrier was done using an Electro-Absorption Modulator (EAM).
Simultaneous optical modulation of a 10 Gbps BB signal and a 2.5 Gbps, 20/30 GHz RF
signal on a single optical carrier was implemented using a MZM and an interleaver.
Frequency doubling ensured the generation of a 40/60 GHz RF signal at the optical receiver.
Designed a testbed setup for simultaneous delivery of wired and wireless data by using a
single optical carrier in a two-step optical BB and RF modulation.
Simultaneous optical modulation of a 1.25 Gbps BB signal and a 622 Mbps, 10 GHz RF
signal on a single optical carrier was implemented using a nested-MZM. Frequency
doubling ensured the generation of a 20 GHz RF signal at the optical receiver.
Proposed the distribution of high-definition audio/video content by transmitting Ultra Wide
Band (UWB) RF signals over FTTH networks. A BER below 10−9 was achieved when
transmitting 1.25 Gbps UWB RF signals over 50 kms of fiber.

a signal, whose optical power Ptotal is:
[
]
πVLO cos(ωLO t)
Ptotal = PBB 1 − cos(
)
Vπ
[
πVLO
)
= PBB 1 − J0 (
Vπ
−2

∞
∑

(−1)n J2n (

n=1

home of the end user

Vbias

BPF
LD

FTTH

external
modulator

network

baseband data
for wireline
communication

BB Tx

]

πVLO
) cos(2nωLO t) .
Vπ

PD
splitter LPF

b(t)

RF signal
for indoor wireless
communication

RF Tx

(53)

xRF (t)

Fig. 59. Simultaneous optical baseband and optical RF modulation using an
external modulator (LD- laser diode; RF Tx- RF transmitter;BB Tx- Baseband
Transmitter; PD- Photo-diode; BPF- Band Pass Filter; FTTH- Fiber To The
Home; LPF- Low Pass Filter)

Then, as shown in Fig. 58, the signal is transmitted through the
FTTH network and then fed to an optical coupler that splits
the optical signal into two parts. The lower-branch is photodetected using a low-bandwidth photo-detector
for recovering
[
]

biased at Vbias = −Vπ /2 and driven by a combination of
the BB wired data b(t) and the wireless RF signal xrf (t).
Subsequently, the modulated signal is transmitted from the
BS to the end user over the FTTH network, where it is
photo-detected and filtered to separate the BB wired and RF
wireless data. Using Equation (5), the photo-detected signal
π(b(t)+xrf (t))
I(t) ∝ Pout (t) = Pin [1 + sin(
)], which can be
Vπ
expanded using Taylor series [98] to:

the BB wired signal represented by PBB 1 − J0 ( πVVLO
) in
π
Equation (53), while upper-branch of the coupler is photodetected using a high-bandwidth photo-detector to recover
a RF signal represented by 2PBB J2 ( πVVLO
) cos(2ωLO t) in
π
Equation (53) [101].
We now continue our discourse on the family of techniques
designed for integratng ROF communication with the existing
FTTH networks by considering simultaneous optical baseband
and optical RF modulation.
3) Simultaneous optical baseband and optical RF modulation : Instead of using the two-step modulation of Fig.
58, the wired BB data and the wireless RF signal could be
simultaneously modulated onto the same optical carrier at the
BS and then transmitted to the customer premises. This can
be achieved using several techniques, including the use of the
conventional external modulator (i.e. MZM and EAM) and of
the sophisticated nested-external modulators.
a) Simultanous optical baseband and optical RF modulation relying on an external modulator: Simultaneous
modulation can be achieved using the MZM of Fig. 8 or
the EAM of Fig. 10(a), where the architecure that achieves
simultaneous optical baseband and RF modulation using an
external modulator is shown in Fig. 59. Observe in Fig. 59
that the output of the laser is modulated by a MZM that is

Pout (t)
πb(t)
πb(t) πxrf (t)
= 1 + sin(
) + cos(
)
Pin
Vπ
Vπ
Vπ
1
πb(t) π 2 x2rf (t) 1
πb(t) π 3 x3rf (t)
− sin(
)
− cos(
)
..., (54)
2
Vπ
Vπ2
6
Vπ
Vπ3
where,

{
b(t) =

V for bit ’1’
−V for bit ’0’

In Equation (54), the first two terms contain the desired BB
signal, i.e. PBB (t) = 1 + sin( πb(t)
Vπ ) and the third term has
πxrf (t)
the desired RF signal, Prf (t) = cos( πb(t)
Vπ ) Vπ , while the
higher order terms produce intermodulation distortion both at
the BB and RF frequencies. cos( πb(t)
Vπ ) is the same for both
values of b(t), which implies that the desired RF signal in
the third term of Equation (54) is not corrupted by the BB
signal [98]. However, the BB transmission affects the power
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of pure optical RF modulation, i.e. for b(t) = 0, the power in
the desired second term would [be maximised
because the slope
]

of the photo-detected RF signal. For the case of pure optical
RF modulation, i.e. when b(t) = 0, the power in the desired
third term of Equation (54) would be maximised, because
we have | cos( πb(t)
Vπ )| = 1, while for simultaneous optical
modulation we have | cos( πb(t)
Vπ )| < 1, because b(t) ̸= 0. The
performance of BB modulation is improved by using a larger
difference between the optical power PBB (t) transmitted for
bit ’0’ and bit ’1’. This can be achieved by increasing the
amplitude V of b(t), which, however, reduces the value of
| cos( πb(t)
Vπ )| and hence reduces Prf (t). Hence, the power in
the detected RF signal is reduced when simultaneous optical
BB and RF modulation is employed. For the case of pure
optical BB modulation, i.e for xRF (t) = 0 in Equation (54),
we would have chosen V = Vπ /2 to ensure that the MZM
is operating at its mimimum and maximum PBB (t) for the
bits ’0’ and ’1’, respectively. However, for the scenario that
involves simultaneous BB and RF modulation, it is evident
from Equation (54) that choosing V = Vπ /2 would result
in the desired third term Prf (t) going to zero, i.e. no RF
transmission would occur. Thus, the BB optical modulation
has to be carried out using non-optimum values of PBB (t)
[98].

Vbias

FTTH
LD

MZM

network

interleaver

ωc
PD

BPF

PD

LPF

BB Tx
RF Tx
at ωRF /2

ωc

RF signal at ωRF
for indoor wireless
communication
baseband data
for wireline
communication

ωc

Fig. 61. Simultaneous optical baseband and optical frequency-doubled RF
modulation (LD- laser diode; RF Tx- RF transmitter; BB Tx- Baseband
Transmitter; PD- Photo-diode; BPF- Band Pass Filter; FTTH- Fiber To The
Home; LPF- Low Pass Filter; MZM- Mach Zehnder Modulator)

In addition to the architecture of Fig. 59, the system shown
in Fig. 61 also employs simultaneous optical BB and RF modulation with the additional advantage of being able to achieve
frequency-doubling. Frequency-doubling helps generate high
RF signals using lower electronic oscillator frequencies and
optical modulators of lower electronic bandwidth. ROF transmission that implements frequency-doubling can be carried
out along with simultaneous BB transmission, by using an
interleaver [100]. In the architecture in Fig. 61, the output of
ωc
the laser, operating at an optical frequency of fc = 2π
Hz, is
modulated using a MZM that is driven by a combination of
the wireless RF signal at ωRF /2 and the wired BB signal. As
shown in Fig. 61 [100], the modulated BB data is present
at the optical carrier ωc , while the RF data is carried by
the two first-order optical sidebands at ωc ± ωRF /2. After
transmission from the BS through the FTTH network, these
optical sidebands are separated from the signal at the optical
carrier frequency, by using an optical interleaver in the end
user’s home. Subsequently, as shown in Fig. 61, the sidebands
are photo-detected to generate a frequency-doubled wireless
RF signal at ωRF , while the signal at the optical carrier
frequency is photo-detected to retrieve the BB wired signal
[100], [107].
It may be concluded that the cost of carrying out simultaneous optical BB and optical RF modulation, as opposed to
separate modulations, is that of striking a performance tradeoff. Explicitely, the amplitudes of b(t) and xRF (t) in Fig. 59
have to be chosen in such a way that the required Quality
of Service (QoS) can be achieved for both the BB and RF

Vbias + V
xrf (t)

Fig. 60. Optical modulaton using the Electro-Absorption Modulator (EAM)

Additionally, the architecture of Fig. 59 can be implemented
using the EAM of Fig. 10(a), where the condition of avoiding
overmodulation imposes an upper limit on the total drive
voltage that can be applied to the EAM [99]. The BB signal
b(t) is combined with the RF signal xrf (t) and the combined
signal is then added to the bias voltage Vbias to generate the
drive voltage, which is applied to the EAM. In this scenario,
the output intensity that would be photo-detected is [99]:
(55)

where T (v) is the transmittance of the EAM described in
Section II-A. Expanding Equation (55) using Taylor series we
get:
I(t) ∝ T 2 (Vbias + b(t))
[
]
d(T (v))
+ 2T (Vbias + b(t))
dv

home of the end user

Vbias

xrf (t)

I(t) ∝ P (t) ∝ T 2 (Vbias + b(t) + xrf (t)),

, is maximised at V =

ωRF

Vbias

Vbias − V

d(T (v))
dv

Vbias , which is evident in Fig. 60. However, for simultaneous
optical modulation, the slopes at V = Vbias ±V become lower
than that at V = Vbias , as seen from Fig. 60 and hence the
photo-detected RF signal power drops [99]. The performance
of BB modulation is improved by using a larger difference in
the optical power transmitted for bits ’0’ and ’1’, which can
be arranged by increasing the amplitude V of b(t). However,
this reduces the slope values at V = Vbias ± V . Thus, BB
modulation has to be carried out using non-optimum values in
the EAM transmission curve of Fig. 60.

Simultaneous optical
baseband and RF modulation

Transmittance

Transmittance

optical RF
modulation

of the transmission curve, i.e.

xrf (t) + ... (56)

v=Vbias +b(t)

In Equation (56), the first term contains the desired BB signal,
while the second term has the desired RF signal [99]. The
higher order terms would produce intermodulation distortion at
both the BB and RF frequencies. The BB signal is represented
by b(t) = V for bit ’1’ and b(t) = −V for bit ’0’. For the case
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of such a trade-off becomes important in the light of the
limited power budget. It can be seen from the discussions
RAP
in this section that the value of PRF
considered in Section
II-E reduces, when the ROF link is integrated with the FTTH
network. Thus, it can be concluded from Equation (19) that
this reduction would degrade the SN RROF of the ROF link
and hence would affect the wireless network parameters, like
the cell-size and RAP amplifier gain, as discussed in Section
II-E. We conclude our discussions on the family of techniques
proposed for integrating ROF communication with existing
FTTH networks by stating that they rely on infrastructure
sharing to implement multiplexed optical communication. On
the other hand, the techniques discussed in the next section,
namely the family of techniques designed for wavelength
reuse, relies on infrastructure sharing to implement duplexed
optical communication.

transmission [99]. A similar trade-off exists for the case of
simultaneous modulation using a tri-band signal consisting of
two RF signals at microwave and millimeter-wave frequencies
along with a BB signal [29].
The stringency of this trade-off can be relaxed to some extent by using the more sophisticated nested-external modulator,
as detailed in the next section.
Vbias,a

Vbias,c
home of the end user

MZM−a

ωc

MZM−c

FTTH

LD

network

MZM−b
BB Tx

3

PD

LPF

PD

BPF

2

ωRF
Vbias,b
ωc

OC

1

FBG

baseband data
for wireline
communication
RF signal at ωRF
for indoor wireless
communication

ωc

Fig. 62. Simultaneous optical baseband and optical frequency-doubled RF
modulation using nested MZM (LD- laser diode; RF Tx- RF transmitter; BB
Tx- Baseband Transmitter; PD- Photo-diode; BPF- Band Pass Filter; FTTHFiber To The Home; LPF- Low Pass Filter; MZM- Mach Zehnder Modulator)

B. Wavelength Re-use
Wavelength re-use is an optical duplexing technique, where
Uplink (UL) communication is achieved by re-using the
Downlink (DL) optical signal at the RAP. This leads to
significant cost advantages, because the RAPs do not need
to have their own optical sources, when wavelength re-use is
employed. However, allocating a portion of the DL optical
power to UL communication results in the degradation of the
DL performance. The various ways of achieving wavelength
re-use include Optical Carrier Recovery and Re-use (OCRR),
Optical Re-Modulation (ORM) and employing a modulatorcum-photo-detector, which will be discussed in Sections VIB.1, VI-B.2 and VI-B.3, respectively.

b) Simultanous modulation relying on a nestedexternal modulator: Simultanous optical BB and optical RF
modulation may also be implemented using the architecture of
Fig. 62. that uses a nested-MZM instead of the conventional
ωc
MZM, where the output of the laser diode operating at fc = 2π
Hz is split into two branches, which then modulate a nested
MZM consisting of three MZMs referred to as MZM-a, MZMb and MZM-c in Fig. 62. Specifically, MZM-a of Fig. 62
is biased at MITP and it is driven by the RF signal at a
/2
frequency of fRF /2 = ωRF
Hz to achieve OCS modulation.
2π
On the other hand, On OFF Keying (OOK) [97] optical BB
modulation may be implemented using MZM-b, while MZMc is biased at the MATP [102]. As seen in Fig. 62, the
spectrum of the optical signal at the output of the nested
MZM consists of the modulated BB data present at the optical
carrier ωc , while the RF data is carried by the two first-order
optical sidebands at ωc ± ωRF /2 [102]. After transmission
from the BS to the customer premises through the FTTH
network, the signal enters port 1 of the OC shown in Fig.
62 and exits from port 2, where the FBG filter of Fig. 18(a)
reflects the signal at ωc but lets the sidebands pass through.
Subsequently, as shown in Fig. 62, the sidebands are photodetected to generate a frequency-doubled wireless RF signal
RF
at fRF = ω2π
Hz, while the reflected optical signal enters
port 2 and exits from port 3 of the OC in Fig. 62. This
optical signal is then photodetected to retrieve the BB wired
signal. The major advantage of this technique is that the two
modulation schemes can be independently optimised [102].
However, for a fixed total optical power received at the photodiode, increasing the modulation depth of one of the schemes
increases its modulated optical power and hence improves this
scheme’s performance, while degrading the other scheme’s
performance [102].
Thus, the family of techniques proposed for integrating ROF
communication with existing FTTH networks involves a tradeoff between the performance of the ROF link and the baseband
transmission. When designing the wireless networks, the effect

ωc
downlink
ROF signal

PD

BPF

coupler
isolator
FBG

ωc

ωc

downlink
wireless signal
uplink 100 %
wireless
signal
modulator
uplink
ROF signal

0%

FBG spectrum
transmission

RF Tx
at ωRF /2

ωc

ω

Fig. 63. Optical Carrier Recovery and Re-use (OCRR) in the RAP employing
an optical coupler and FBG (PD- Photo-diode; BPF- Band Pass Filter; FBGFiber Bragg Grating)

1) Optical Carrier Recovery and Re-use (OCRR): The
techniques that involve the separation of the total or a fraction
of the DL optical carrier power from the DL sidebands, for
its reuse in UL communication, are referred to as OCRR
techniques.
In the RAP of Fig. 63 [115], the DL OSSB signal power is
split using an optical coupler, where the signal of the upper
branch is photo-detected, while the lower branch-signal is fed
to a FBG filter, whose transmission spectrum is also shown
in Fig. 63. The FBG passes the optical carrier but reflects
100% of the sideband power. An isolator is incorporated at the
input of the FBG filter to prevent the back propagation of the
reflected sideband. The separated optical carrier that becomes
available at the output of the FBG filter is then modulated by
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TABLE V
R ADIO OVER F IBER (ROF) C OST R EDUCTION T ECHNIQUES (PART 2)
Technique

Wavelength
Re-use

Year
1994
1998
1996

Authors
Wu et al. [108]
Wu et al. [109]
Welstand et al. [110]

1996
1997
1997
1999
2000
2001
2003

Westbrook et al. [111]
Noel et al. [112]
Wake et al. [113]
Stohr et al. [114]
Kitayama et al. [11]
Nirmalathas et al. [115]
Kuri et al. [116]

2005

Bakaul et al. [117]

2006

Kaszubowska et al. [118]

2006
2006
2007
2007

Jia et al. [40]
Chen et al. [119]
Yu et al. [120]
Won et al. [121]

2008
2008
2009
2013

Huang et al. [122]
Yu et al. [123]
Ji et al. [124]
Thomas et al. [3]

Contribution
Introduced the concept of wavelength re-use by proposing the Optical Re-Modulation (ORM)
arcitecture of Fig. 68.
The bias voltage was switched to obtain half-duplex operation when using a modulator-cum
-photodetector, as shown in Fig. 72.
A single bias voltage was employed by the modulator-cum-photodetector, as shown in Fig. 73,
at the cost of a downlink (DL) versus uplink (UL) performance trade-off.
A pair of lasers were used at the Base Station (BS) along with a modulator-cum- photodetector
at the Radio Access Point (RAP), as shown in Fig. 74, to implement wavelength re-use.
Presented the Optical Carrier Recovery and Reuse (OCRR) techniques of Fig. 63 & Fig. 64.
Employed the ORM architecture of Fig. 67, that relied on EAM-assisted intensity modulation
in the DL as well as the UL.
Presented the OCRR technique of Fig. 66, which enables the implementation of OCRR in
Wavelength-Interleaved Wavelength Division Multiplexing (WI-WDM) signals.
The OCRR technique of Fig. 64 was employed for remote delivery of the RF tone from the
BS to the RAP.
The OCRR technique of Fig. 64 helped generate a frequency doubled RF signal.
The OCRR technique of Fig. 65 was employed in congugation with DL frequency doubling.
Implemented the ORM technique of Fig. 70 by using a gain saturated Reflective
Semiconductor Optical Amplifier (RSOA),
The OCRR technique of Fig. 65 was employed in conjugation with DL frequency quadrupling.
Implemented ORM by employing optical phase modulation in the DL, while employing
optical intensity modulation in the UL.
Implemented wavelength re-use by incorporating the performance improving Digitized ROF
(DROF) technique in the UL of Fig. 68.

ωRF

interleaver

the UL RF signal and transmitted from the RAP to the BS
over the fiber [115], hence achieving wavelength re-use.
ωc
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Fig. 65. Optical Carrier Recovery and Re-use (OCRR) in the RAP using an
interleaver (PD- Photo-diode; BPF- Band Pass Filter)

ω

Fig. 64. Optical Carrier Recovery and Re-use (OCRR) in the RAP using
an OC and FBG (FBG- Fiber Bragg Grating; OC- Optical Circulator; PDPhoto-diode; BPF- Band Pass Filter)

RF signal generated in the BS. The optical sidebands are then
photo-detected to generate a frequency-doubled signal at fRF
Hz [119] [119], [120]. As shown in Fig. 65, the separated
optical carrier of the lower branch can then be employed
for wavelength re-use. If second-order optical sidebands at
ωc ± ωRF are generated instead of the first-order ones, for
example by using a MATP biased MZM at the BS, then, in
the RAP, their separation from the optical carrier followed by
the subsequent photo-detection yields a frequency-quadrapled
signal [122].
As mentioned previously in Section V-A, a commonly
employed WDM ROF signal is the WI-DWDM signal of Fig.
26. The architecure of Fig. 66 [117] may also be employed
to implement wavelength re-use in the RAP of a ROF system
employing WI-WDM signals, where again, the input DL WIDWDM spectrum shown in Fig. 66 was discussed in Section
V-A. The WI-DWDM signal enters port 1 of the OC and
exits from port 2. The channel that is to be dropped at the
RAP is {ωc,i+1 , si+1 }. Hence, as shown in Fig. 66, the signal
exiting port 2 is passed through the filter FBG A, that reflects

In the RAP of Fig. 64 [115], [118], the DL OSSB signal
enters port 1 of the OC and exits from port 2, where a FBG
filter, whose spectrum is also shown in Fig. 64, reflects 50% of
the optical carrier’s power. The remaining 50 % of the optical
carrier’s power along with 100% of the modulation sideband
power propagates through the FBG filter and then it is photodetected for generating the DL wireless signal. The reflected
50% of the optical carrier power enters the OC from port
2, exits from port 3 and then it is employed for optical UL
modulation. For the case of an ODSB DL signal, the FBG filter
of Fig. 64 can be designed for reflecting 100% of the optical
carrier power, while the pair of sidebands propagate through
the filter and are photo-detected for generating a frequencydoubled DL RF signal [40].
OCRR can also be achieved by employing an optical
interleaver at the RAP [119]. As shown in the RAP of Fig. 65,
the DL ODSB signal is fed to an interleaver that separates the
optical carrier at ωc from the pair of first-order sidebands at
/2
is the frequency of the
ωc ± ωRF /2, where fRF /2 = ωRF
2π
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along with the separated optical carrier. This occurs because
the transfer function of the interleaver consists of alternating
passbands and stopbands.
Let us now continue our discussions on the the family of
techniques invented for wavelength-reuse by considering the
arrangements that implement Optical Re-Modulation (ORM),
which, unlike the above OCRR techniques, do not entail the
separation of the optical carrier from its sidebands using highselectivity optical filtering, but involve other constraints.
2) Optical Re-Modulation (ORM): In ORM, the DL optical signal is remodulated by the UL data at the RAP, without
relying on filtering for recovering the optical carrier. This can
be achieved in a number of ways, as described below.

up

ωc,i ωc,i+1 ωc,i+2 ωc,i+3
5

up
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si+1

ωc,i+1
BPF

PD

FBG B
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Fig. 66. Optical Carrier Recovery and Re-use (OCRR) in the RAP of a
ROF system employing WI-WDM signals (FBG- Fiber Bragg Grating; OCOptical Circulator; PD- Photo-diode; BPF- Band Pass Filter)

ωc − ωd ωc RF Tx at
ωd

both the optical carrier ωc,i+1 and the corresponding sideband
si+1 , which therefore may be referred to as a double-notch
filter. The rest of the WDM signal is fed into port 6 and it
finally leaves from port 7. Both the optical carrier ωc,i+1 and
the sideband si+1 , that were reflected by FBG A, enters port
2 and exits from port 3, where it encounters the second filter
FBG B, as shown in Fig. 66. The FBG B filter is a notch-filter
that reflects 50% of the optical carrier ωc,i+1 . The remaining
50% of the optical carrier power and 100% of the sideband
power is passed through and employed in DL photo-detection
[117]. The reflected 50% of the optical carrier power re-enters
port 3 and leaves from port 4, where is it employed in UL
modulation. As shown in Fig. 66, the UL signal enters port
5 and exits via port 6, where it encounters FBG A, that has
been designed to reflect both the optical carrier at ωc,i+1 and
the corresponding sideband. Hence, the UL signal is reflected
by FBG A, enters port 6 of the OC and exits via port 7. Thus,
the optical signal exiting port 7 consists of the UL signal at
ωc,i+1 and si+1 , instead of the DL signal at that frequency
[117]. It also contains the other carriers and sidebands of the
input WI-DWDM signal.
The advantage of the design of Fig. 63 is its simplicity
[115]. However, it wastes 50% of the modulated sideband
power. This disadvantage is circumvented by the design of Fig.
64 [115], which can also be extended to the SCM transmission
regime of Fig. 20, regardless of the number of RF signals
involved, since the FBG filter of Fig. 64 only has to reflect
the optical carrier from the spectrum of Fig. 20. However,
this design requires an OC, which is more complex and hence
more expensive than an optical coupler. The design of Fig.
66 can be simultaneosly used as an OADM and a wavelength
re-use module in a bus- or ring-based ROF network. Again,
the disadvantage of this design is its complexity. A common
design challenge in the architectures of Figures 64 and 66
is the fact that the imperfect isolation of the OC ports and
variations in the transmittance-reflectance characteristics of the
temperature-sensitive FBG filters result in cross-talk between
the DL and UL signals [117]. The design of Fig. 65 employs
an optical interleaver, which is not as sensitive to temperature
variations as a FBG filter [38]. However, in the design of Fig.
65, the weaker second-order optical sidebands at ωc ± ωRF
have to be filtered out at the BS, otherwise they will be passed
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Fig. 67. Optical Re-Modulation (ORM) using an Electro-Absorption Modulator (RF Tx- RF Transmitter; LD- Laser Diode; PD- Photo=diode; BPFBand Pass Filter)

Fig. 67 [116] illustrates an architecture that employs the
EAM of 10(a) to achieve ORM. In Fig. 67, the downlink signal
ωl
at fd = ω2πd Hz and a local oscillator tone at fl = 2π
Hz
are combined with the aid of the SCM technique of Fig. 20
and the resultant signal is then used for modulating the DL
ωc
optical carrier generated by the LD at fc = 2π
Hz. The ODSB
modulated signal is then optically filtered for generating an
OSSB signal, whose spectrum is also shown in Fig. 67 [116].
After transmission of this signal from the BS to the RAP over
the fiber, as shown in Fig. 67, half of the signal power is photodetected and bandpass filtered in the upper branch of the Fig.
67 for removing the local oscillator tone and then transmitted
to the MS, On the other hand, the other half of the signal
power in the lower branch is additionally remodulated using
an EAM by the UL signal at fu = ω2πu Hz. It is then amplified
and optically filtered for ensuring that the UL optical signal
consist of a tone at (ωc −ωl ), an UL sideband at (ωc −ωu ) and a
residual DL sideband at (ωc −ωd ) [116]. The UL optical signal
is then transmitted from the RAP to the BS over the fiber,
where it is photo-detected and bandpass filtered for removing
the DL downlink signal. Finally, the downconverted uplink
signal at ωu − ωl is detected [116].
Another ORM architecture is shown in Fig. 68, where the
output of a LD is modulated by the DL RF signal and it is
then transmitted from the BS to the RAP. Then, a part of the
DL signal power is separated using an optical coupler and
additionally remodulated by the UL signal, using the MZM
of the lower-branch in Fig. 68. The remodulated UL signal is
transmitted from the RAP to the BS. Meanwhile, the signal
in the upper-branch of Fig. 68 is photo-detected to generate
the DL wireless signal. If the width of the UL and DL RF
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Fig. 70. Optical Re-Modulation (ORM) using a Reflective Semiconductor
Optical Amplifier (RSOA) (RF Tx- RF Transmitter; LD- Laser Diode; PDPhoto=diode; BPF- Band Pass Filter; LPF- Low Pass Filter)

bands is less than an octave1 and the frequency separation
between the bands is more than the width of the bands, then the
further modulated UL signal remains uneffected by the intermodulation products between the DL and UL signals [109].
Thus, the UL signal can be filtered out from the signal that is
photo-detected at the BS.

signal is then transmitted from the BS to the RAP over
the fiber, where the signal is split into two branches. The
upper branch is photo-detected to generate the DL wireless
signal [121], while the lower branch is fed to a gain-saturated
Reflective Semiconductor Optical Amplifier (RSOA) in order
to suppress the DL optical sidebands. As shown in Fig. 70, the
optical carrier is simultaneously modulated by the UL BB data
ω
that is generated by down-converting the fuplink = uplink
2π
Hz wireless signal from the MS, which is received at the
RAP [121]. Hence, the UL transmission requires the ocillator
operating at ωuplink in the RAP. The UL optical signal exits
the RSOA and then it is transmitted from the RAP to the BS
through the optical fiber, where it enters port 2 and exits from
port 3 of the OC. As shown in Fig. 70, the UL signal is then
photo-detected and the resultant BB UL signal is filtered and
detected [121].
Let us now briefly contrast the solutions in Figures 67 to 70.
The design of Fig. 67 requires the UL signal to be amplified
using Erbium Doped Fiber Amplifiers (EDFAs) which add
ASE optical noise, as discussed in in Section II-D. On the
other hand, the design of Fig. 68 is simple, but it imposes
certain conditions on the wireless frequency assignment. The
design of Fig. 69 does not impose such restrictions, but
requires either the phase-to-intensity conversion discussed in
prior to the DL direct photo-detection or it has to employ the
DL coherent photo-detection. Also, fiber dispersion converts
the DL phase-modulation to intensity modulation, thereby
corrupting the intensity modulation based UL transmission of
Fig. 69. Moreover, any residual intensity-modulation of the DL
transmission would degrade the UL transmission of the system
in portrayed Fig. 69. Finally, the design of Fig. 70, unlike the
designs of Figures 67 to Fig. 69, employs an oscillator for the
down-conversion of the uplink wireless signal received from
the MS, which may become a disadvantage in the case of
high-RF frequencies, like millimeter-wave signals. However,
the design of Fig. 70 has the advantage that the uplink optical
modulator of the RAP performs the additional function of an
amplifier as well, thereby improving the attainable BER [121].
All the wavelength re-use techniques described so far,
namely the OCRR and ORM techniques, employ a separate
optical UL modulator and DL photo-detector in the RAP.
However, in the next section we discuss wavelength reuse techniques that employ a single modulator-cum-photodetector, thereby reducing the RAP complexity.
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Fig. 69. Optical Re-Modulation (ORM) using phase modulation and intensity
modulation for downlink and uplink optical communication, respectively (RF
Tx- RF Transmitter; LD- Laser Diode; PD- Photo=diode; BPF- Band Pass
Filter; Rx- Receiver)

Furthermore, it is possible to phase-modulate the optical
carrier during its DL transmission and then intensity modulate
the same optical carrier for its UL transmission as detailed
below [123], [124], [6]. As shown in Fig. 69 [124], the output
of the LD is phase-modulated by the RF signal and transmitted
from the BS to the RAP over the fiber, where it was split
into two branches by a coupler. The DL signal in the upperbranch of Fig. 69 is balanced photo-detected after performing
a phase to intensity conversion using a delay interometer (DI)
such as the MZI of Fig. 19, as discussed in Section III-B
[124]. An MZI assists in employing balanced photo-detection,
as discussed in Section V. It is worth mentioning that instead
of performing phase-to-intensity conversion followed by direct
balanced photo-detection, the coherent photo-detection of the
phase-modulated signal may also be employed, as discussed
Section II-C. The lower branch of the coupler of Fig. 69 is
intensity-modulated by the UL RF signal using an external
modulator. Afterwards, the UL optical signal is transmitted
from the RAP to the BS over the fiber, where it is photodetected to generate the UL RF signal, which is subsequently
bandpass filtered and fed to the RF receiver.
Additionally, the architecture of Fig. 70 can also be used,
where the output of a laser source is modulated by the
DL RF signal using a MZM. Subsequently, the DL optical
signal enters port 1 and exits from port 2 of the OC. This
1A

frequency band from f1 Hz to f2 Hz is equal to an octave if f2 = 2f1
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bias voltage applied to it [110], as shown in the architecture of
Fig. 72, where the bias voltage applied to the EAM in the RAP
is switched based on whether photo-detection of the DL optical
signal from the BS or transmission of the UL optical signal to
the BS is taking place. The major drawback of this technique is
however that the bi-directional communication is half-duplex,
because simultaneous photo-detection and modulation is not
possible. Additionally, the need for employing bias control
circuits is another complexity-related drawback.

(a) EAM absorption at different optical
wavelengths

Fig. 71.

(b) EAM absorption or
transmission
vs.
bias
voltage at λ1
EAM absorption characteristics

RF Tx

3) Employing a single device modulator-cum-photodetector: The wavelength re-use techniques of Sections VIB.1 and VI-B.2 need a photo-detector for detecting the DL
optical signal and a separate modulator for transmitting the
UL optical signal. However, it is possible to employ an
EAM as a modulator-cum-photo-detector1 . Both the operating
optical wavelength and the bias-voltage has an influence on the
transmission characteristics of the EAM. Fig. 71(a) illustrates
the dependence of the EAM absorption on the operating
wavelength [11]. As shown in Fig. 71(a), an optical input
signal at a wavelength of λ2 would be largely absorbed, i.e.
it is largely photo-detected, regardless of the bias voltage,
while an optical input signal at a wavelength of λ1 would
experience a bias-voltage-dependent aborption, i.e. a biasvoltage-dependent photo-detection, or transmittance level, as
shown in Fig. 71(b) and discussed in Section II-A. As shown
in Fig. 71(b), a low level of transmittance corresponds to a
high level of absorption, i.e a high level of photo-detection of
the optical input signal by the EAM [112]. On the other hand,
a high-level of transmittance would enable the modulation of
the input optical signal by the electronic signal applied to
the EAM. This property has been exploited for designing the
following EAM-based optical transceivers.

RF Rx

BPF

EAM

downlink wireless
signal
uplink wireless
signal

RF Rx

BPF

PD

Fig. 73. Full-duplex operation of Electro-Absorption Modulator (EAM) as
modulator-cum-photo-detector (LD- Laser Diode; RF Tx- RF Transmitter;
PD- Photo-diode; BPF- Band Pass Filter; RF Rx- RF Receiver)

In contrast to Fig. 72 relying on a half-duplex operation,
single-wavelength full-duplex operation can be used, as in
the architecture of Fig. 73, where the operating wavelength
is chosen to be λ1 of Fig. 71(a) and the bias voltage is
not switched. In the architecture of Fig. 73, the EAM bias
voltage of Fig. 71(b) is adjusted to a specific value that would
strike the desired compromise between the UL modulation
efficiency and the DL photo-detection efficiency, along with
the UL modulation non-linearity being at an acceptable level
[111]. Hence, the EAM in the RAP is not operating in the
ideal photo-detection region of Fig. 71(b) and it photo-detects
the DL optical signal, while also modulating the UL wireless
signal onto the optical carrier. It is possible to operate the
EAM in a bias-free scenario, i.e. when a bias of zero volts
is appled, but it can be seen from Fig. 71(b) that choosing a
bias voltage of zero volts would result in the EAM becoming
less efficient as a photo-detector than as a modulator. Hence
different antenna gain values would have to be applied to the
UL and DL signal at the mobile device to ensure a similar
performance [113].

EAM
fiber

fiber

fiber

bias control
circuit

PD

λ1 LD1

Fig. 72. Half-duplex operation of Electro-Absorption Modulator (EAM)
as modulator-cum-photo-detector (LD- Laser Diode; RF Tx- RF Transmitter;
PD- Photo-diode; BPF- Band Pass Filter; RF Rx- RF Receiver)

LD2

Single-wavelength half-duplex operation can be achieved
using the EAM. When light at a wavelength λ1 of Fig. 71(a)
enters an EAM, achieving a high RF modulation efficiency
requires the EAM to be biased at a point, where the slope of
the transmission characteristics of Fig. 71(b) is maximum. This
is true for moderate values of the reverse bias voltage, as seen
from Fig. 71(b) [110]. On the other hand, it can also be seen
from Fig. 71(b) that the optical input signal is largely absorbed,
i.e. it is photo-detected, when a high reverse bias voltage is
employed [112]. Thus, the EAM can be operated both as a
modulator and a photo-detector by appropriately switching the
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RF Tx at ωd
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BPF

EAM

intensity
modulator

intensity
modulator

fiber

uplink wireless
signal

RF Tx

LD
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downlink wireless
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uplink wireless
signal at ωu

PD

ωIF
Fig. 74. Full-duplex operation of Electro-Absorption Modulator (EAM) as
modulator-cum-photo-detector (LD- Laser Diode; RF Tx- RF Transmitter;
PD- Photo-diode; BPF- Band Pass Filter; RF Rx- RF Receiver)

Finally in contrast to Fig. 72 and Fig. 73, dual-wavelength
full-duplex operation may also be employed. The need to
strike a compromise between the modulation efficiency and the
photo-detection efficiency can be circumvented by adopting
a dual-wavelength operation. In the architecture of Fig. 74
[114], the output of the laser LD2, operating at λ2 of Fig.

1 A single device that is capable of photo-detecting the DL optical signal
as well as modulating it with the electronic UL signal.
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Fig. 75. Techniques to reduce the number of lasers (LD- Laser Diode; WDM- Wavelength Division Multiplexing; PD- Photo-diode; BPF- Band Pass Filter;
IL- Interleaver; MMW- Millimeter Wave; BB Tx- Baseband Transmitter)

71(a), is intensity modulated by a RF signal at fd = ω2πd
Hz. The modulated optical signal is then combined with the
unmodulated output of the laser LD1 operating at λ1 of Fig.
71(a). As shown in Fig. 74, this combined signal is transmitted
from the BS to the RAP over the fiber, where the optical signal
at λd is photo-detected by the EAM, while the optical signal
at λ1 is modulated by the EAM using the UL RF signal at
fu = ω2πu Hz [114]. The UL optical signal is transmitted from
the RAP to the BS over the fiber and then it is photo-detected,
filtered and detected.
Let us now consider the family of techniques proposed for
reducing the number of lasers that are employed in the BS,
unlike the above wavelength re-use techniques that aim to
make the RAP laser-free.

2) Employing modulation harmonics: The harmonics that
are imposed by the modulation of an RF tone on the laser’s
output can be beneficially harnessed as independent optical
carriers [3] [106]. These modulation harmonics can support
multi-band transmission to a single RAP. Fig. 75(b) illustrates
an architecture in which the upper harmonics that are generated during phase modulation can be used for supporting
the transmission of WiFi, WiMAX and 60 GHz signals to the
RAP [106]. At the BS, the optical carrier is phase-modulated
RF
using a fRF = 30 GHz = ω2π
electronic tone at a phase
modulation depth, which would result in first-order harmonic
at (ωc ± ωRF ) and in significant second-order sidebands at
(ωc ± 2ωRF ), in addition to the presence of the optical carrier
at ωc , as shown in Fig. 75(b) [106]. The optical carrier
is removed by the first interleaver (IL1), while the second
interleaver (IL2) separates the four sidebands, where there
are two sidebands of the first-order and two of the secondorder. The pair of second-order sidebands at (ωc + 2ωRF ) and
(ωc − 2ωRF ) are considered as independent optical carriers
and are modulated with the BB WiFi and BB WiMAX signals,
respectively. The pair of 2fRF = 60 GHz spaced first-order
sidebands at (ωc + ωRF ) and (ωc − ωRF ) are then combined
and modulated with the BB data of the desired 60 GHz signal.
The four sidebands are then combined to generate the spectrum
seen in Fig. 75(b) and this multiplexed signal is transmitted
from the BS to the RAP over the fiber. In the RAP, the
first interleaver IL3 of Fig. 75(b) separates the first-order
sidebands from the second-order sidebands [106]. The two
first-order sidebands are heterodyne photo-detected to generate
a 60 GHz millimeter-wave signal, while the second interleaver
IL4 of Fig. 75(b) is used for separating the two second-order
sidebands, followed by their individual photo-detection and
upconversion to generate the 2.4 GHz WiFi and the 5.8 GHz
WiMAX signals [106].

C. Reducing the number of lasers
While wavelength-reuse eliminates the need to have a laser
source in the RAP, the BS still has to have several laser sources
for supporting multiple RAPs by using the WDM signal of Fig.
22(a). The need to have several laser sources in a network
employing WDM can be totally or partially relaxed in the
following ways:
1) Using a multi-mode optical source: A single-mode laser
produces a tone at a single frequency, while a multi-mode
laser produces tones at multiple optical frequencies [127]. As
shown in Fig. 75(a) [125], the various ∆ω spaced modes
of a multi-mode laser are separated using a DEMUX. Then,
pairs of modes having a separation of N ∆ω are employed
IF
in optical modulation using a BB/IF signal at fIF = ω2π
Hz, where each pair of modes constitutes a channel and N
is a positive integer. Subsequently, the modulated channels
are multiplexed to generate the WDM signal of Fig. 75(a),
which is transmitted through a ROF optical network to the
RAP, where the heterodyne detection of the modes in each
channel generates the DL RF signal at ωd = (N ∆ω + ωIF ).
It has been shown in [125] that this technique can be used
for generating upto 360 such channels, which can be used
for supporting duplex communication with 180 RAPs. By
additionally employing the SCM of Fig. 20 it is possible to
support upto 10080 RF channels associated with a bandwidth
of 250 MHz belonging to the unlicensed 60 GHz band [126].
The availability of a large number of channels can be exploited
in the design of a dynamically reconfigurable WDM network
carrying 60 GHz ROF signals [12].

On the other hand, instead of supporting multiband transmission to a single RAP, as in Fig. 75(b), it is possible
to employ the modulation harmonics as independent optical
carriers that support multiple RAPs [5], [3], which could
support DAS-based wireless MIMO communication [5]. As
shown in Fig. 76, it is possible to generate multiple optical
carriers by modulating the output of a LD, operating at an
ωc
optical output of fc = 2π
Hz, using a sinusoidal modulating
ωLO
signal at fLO = 2π Hz and a high modulation depth [5],
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TABLE VI
R ADIO OVER F IBER (ROF) C OST R EDUCTION T ECHNIQUES (PART 3)
Technique

Reducing the
number of
lasers

Year
2005

Authors
Kuri et al. [125]

2006

Nakasyotani et al. [126]

2007

Olmos et al. [12]

2009

Chowdhury et al. [106]

2013

Thomas et al. [3]

RF Tx

Contribution
Employed the modes of a multi-mode super-continuum laser to support multiple users, as
shown in Fig. 75(a).
A Wavelength Division Multiplexing (WDM) ROF network relying on a mulit-mode laser was
shown to support over 10000 channels and a total data rate of 1.56 Tbps.
A dynamic reconfigurable WDM ROF network relying on a multi-mode laser to support multiple
channels was proposed.
It employed the harmonics generated by optical modulation to support multi-band transmission
of RF signals including WIFi, WiMax and a 60 GHz signal.
It employed the harmonics generated by optical modulation to support multiple RAPs.

modulator
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modulator

AWG

AWG
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A hybrid architecture that uses the state-of-the-art DROF
architecture of Fig. 56 with the conventional ROF of Fig.
3 can be designed, where the conventional ROF is referred
to as Analogue ROF (AROF) in this section to distinguish
it from DROF. In addition to the advantages of the DROF
solution discussed in Section V-L, there is also the further
advantage that multiple users may be optically Code Division
Multiplexed (CDM) [3]. The MSs have different clock and
carrier frequencies as well as different distances from the RAP.
Hence, their UL signals arrive asynchronously at the RAPs.
Additionally, imperfect power control as well as the inevitable
multi-user interference result in the asynchronous wireless UL
having a lower SNR than the synchronous DL [3]. Hence
the more robust, but more costly DROF link of Fig. 56 can
be employed for UL optical transmission, while the low-cost
conventional AROF link of Fig. 3 can be employed for the
DL, as shown in the architecture of Fig. 77(a) [3]. As a further
benefit, wavelength re-use relying on the ORM technique of
Fig. 68 may be invoked, because the UL Baseband (BB) signal
of DROF may be transmitted by the same optical carrier as
that used for transmitting the DL RF signal of AROF. This
also increases the optical spectral efficiency. The lower optical
transmit power requirement of the DROF mode also supports
the re-use of the DL optical carrier power. Moreover, the ring
topology of the architecture in Fig. 77(a) minimises the cost
of fiber laying [3]. The technique of exploiting the modulation
harmonics in an OCS signal, as discussed in Section VI-C.2,
is also employed in the architecture of Fig. 77(a) [3] for
supporting multiple RAPs. As discussed in Section I, wireless
MIMO transmission, that relies on the use of DL transmitantenna diversity and UL receive-antenna diversity, improves
the wireless link performance of the ROF system in Fig. 77(a).
The discussion of the architetcure seen in Fig. 77(a) is as
follows:
a) Optical Carrier Generator (OCG): The spectrum of
the non-linearly modulated OCS signal is as shown in Fig.
76. This technique is used for generating the optical carriers
in the system of Fig. 77(a), where optical sidebands B to E of
the spectrum in Fig. 76 support four RAPs.
b) BS Transmitter: The DL RF signals transmitted to
each RAP at frequencies fdwn1 = 2.47 GHz and fdwn2 =
5.8 GHz are Sub-Carrier Multiplexed (SCM) and are then
used for intensity modulating the optical sidebands B to E in

modulator

Vbias = Vπ

PD

modulator
RF Tx
RF Tx
RF Tx

modulator

downlink
wireless
signal

BPF

5ωLO

Fig. 76. Exploiting Mach-Zehnder Modulator non-linearity to generate a
Wavelength Division Multiplexing (WDM) signal (LD- Laser Diode; PDPhoto-diode; BPF- Band Pass Filter; IL- Interleaver; MMW- Millimeter Wave;
BB Tx- Baseband Transmitter)

[3]. This is achieved using the OCS architecture in Section
III-A.3, which employs the dual-drive MZM of Fig. 8(b)
that is biased at Vbias = Vπ and operating in the pushpull mode. As observed from the spectrum seen in Fig. 76,
using a high modulation index results in the first harmonic at
(ωc ±ωLO ), third harmonic at (ωc ±3ωLO ) and fifth harmonic
at (ωc ± 5ωLO ) having a significant magnitude. These can
then be used as six independent optical carriers having an
inter-carrier spacing of 2ωLO [5], [3], for supporting multiple
RAPs, one of which is shown in Fig. 76.
TABLE VII
PARAMETER VALUES USED IN THE ROF ARCHITECTURE
Parameter
RF DL fdwn1
& fdwn2
RF Modulation
scheme
Fiber Dispersion
laser frequency
RF DL and
UL Bit rate
RF channel width
with guard band
RRC filter roll-off
DL RF
Diversity Scheme
UL RF
Diversity Scheme

Value
2.47 GHz
5.8 GHz
Binary Phase
Shift Keying
16 ps/km-nm
1550 nm
32 MBPS
16 MBPS
60MHz (DL)
30MHz (UL)
0.5
Space Time
Block Coding
Maximal Ratio
Combining

Parameter
PD receiver
Noise Figure
PD receiver
Trans-impedance
ADC Resolution
PD responsivity
RF UL fup1
& fup2
Bandpass
sampling rate fs
fLO used in OCG
length of
fibre ring
DD-MZM &
Extinction Ratio

Value
6 dB
125 Ω
4 bits
0.8 A/W
2.416GHz
5.744GHz
64 × 106
sample/s
12.5 GHz
25 km
4 dB
35 dB
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the output of OCG. Each of these sidebands now transmits a
ODSB DL optical signal to the 4 RAPs [3]. Transmit diversity
is achieved in the generation of the RF signals with the aid
of Space Time Block Coding (STBC) [15]. A single user per
RF carrier is assumed.
c) ROF Ring: The DL ROF signals are transmitted
through the fiber, where the 4 major sidebands in the OCG
output are used for supporting 4 RAPs in the ring. Duplex
optical transmission is used by each RAP at a single OCG
output sideband via an OADM and ORM [3]. The block
diagram of a RAP is shown in Fig. 77(a). The optical signal
dropped at RAP-i is fed to a 3 dB splitter. One of the splitter
outputs is photo-detected and amplified for recovering the DL
RF signal, while the other output is modulated by the UL BB
DROF signal. The BB data modulates the reused DL optical
carrier and corrupts the two DL sidebands, which is not a
problem since the DL signal has already been detected [3]. The
users’ wireless UL signals at fup1 Hz and fup2 Hz are received
at all RAPs and then combined by a Maximal Ratio Combining
(MRC) [128] at the BS [3]. In the UL optical transmitter of the
RAP, the digitization of the received RF signals is performed
using the concept of bandpass sampling. The pair of digitized
RF signals are then Code Division Multiplexed [128] prior to
optical modulation and transmission over the optical UL [3].
d) BS Receiver: The UL optical signal that is received
at the RAP is fed into a 1×4 AWG, each of whose outputs
are photo-detected and amplified using an Automatic Gain
Control (AGC) amplifier. The amplified signals are Low Pass
Filtered (LPF) to remove the corrupted DL RF signals and
their intermodulation products. The filtered BB CDM DROF
signals are code division de-multiplexed (CDD) to separate the
two digitized UL RF signals received from each RAP, which
are then fed into DACs for recovering the RF signals [3].
Since the UL wireless signals arriving from the two mobile
users are received at all the RAPs, four copies of the two UL
RF signals are obtained [3]. These are then down-converted
and fed to MRC detection blocks [128]. The system of Fig.
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Fig. 78. Uplink performance using MRC & BPSK modulation and DL
performance using STBC & BPSK modulation

77(a) was simulated using the parameter values of Table. VII.
The performance results shown in Fig. 77(b) indicate a better
performance for the DROF UL than for the AROF DL. It
can also be seen that the DROF UL performance, unlike the
AROF DL performance, of all the four RAPs is similar and
hence DROF is capable of supporting longer fiber lengths
than AROF. Fig.78 shows the performance of the overall DL
and UL, including the wireless transmission, where an optical
power of 15 dBm was employed. It can be seen that the overall
system performance is dominated by the wireless performance,
because near error-free transmission was achieved in the fiber
link.
VIII. D ESIGN G UIDELINES
The sensitivity of a ROF link is defined as the received
optical power at which a BER of 10−9 is achieved [24]. On the
other hand, the linearity of the ROF link, among others, may
be expressed in terms of the suppression of the harmonics and
intermodulation products in the photo-detected signal and also
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in terms of the BER degradation imposed by the fiber’s nonlinearity. Also, the user-support capacity of the ROF system
may be defined as the number of RAPs or as the number of
MSs that are supported by it. The first step in designing a
ROF system is to set target values for the above performance
metrics, based on the requirements of the wireless network,
for which the ROF system forms the backhaul. Next, we go
about designing a basic ROF link, based on the techniques
listed in Fig. 5.
The simplest ROF link is one that employs direct modulation of the optical carrier’s intensity discussed in Section II-A
for generating the ODSB signal discussed in Section III-A.1,
which is then detected by direct photo-detection, as highlighted
in Section II-C, with multiplexing being implemented using
the SCM technique discussed in Section IV-A. However, the
designer would be constrained to use external modulation, if
the RF carrier is beyond the modulation bandwidth of the
laser. For a high RF carrier, like a millimeter-wave carrier,
the chromatic dispersion-induced power penalty would require the designer to employ the OSSB or OCS modulations
discussed in Sections III-A.2 and III-A.3, respectively. In
such a scenario, the designer may use an optical filter after
the external modulator or alternatively employ a dual-drive
MZM. However, if the sensitivity, i.e. BER requirements are
too stringent for an intensity-modulated direct-detected link,
then the designer may employ the optical angle modulation
technique discussed in Section III-B along with the coherent photo-detection of Section II-C. Coherent photo-detection
requires an additional laser in the receiver, which may be
avoided by using the optical discriminator of Section III-B.
This, however, would be at the expense of a performance
degradation. Additionally, the designer may opt for the more
complex WDM, instead of the SCM, if a large number of
RAPs (or mobile users) have to be supported.
Having designed a basic ROF link, the next priority of
the designer should be to incorporate maximum possible cost
saving techniques listed in Fig. 23, while ensuring that the
performance targets are still met. In urban areas, where a
signficant extent of fiber has already been laid for digital fiberbased services, the ROF network designer may employ the
family of ROF techniques for integrating ROF communication
with the existing FTTH networks, as discussed in Section
VI-A. This must, however, ensure that the quality of service
of the fiber-based digital services is not compromised. The
designer may also employ the family of techniques designed
for wavelength re-use, as discussed in Section VI-B. However,
the allocation of a portion of the DL optical power for UL
communication would degrade the DL performance and hence
it must be ensured that the sensitivity targets are met. The
wavelength re-use technique of OCRR may require highselectivity optical filtering. This requirement is relaxed in the
wavelength re-use technique of ORM, which however imposes
the restrictive conditions discussed in Section VI-B.2. When
employing a modulator-cum-photo-detector, conceiving the
half-duplex regime of Fig. 72 is straightforward. By contrast,
the full-duplex communication scenario of Fig. 73 or Fig.

74 either involves a DL versus UL performance trade-off or
employs a pair of optical wavelengths, respectively. Finally,
cost saving may be achieved by reducing the number of lasers,
as discussed in Section VI-C.
When the basic ROF link does not meet one or more
of the performance targets set by the wireless network, this
may be alleviated by employing the performance improvement
techniques listed in Fig. 23. The employment of a cost-saving
technique might provide a signficant economic advantage to
the designer, but also result in the performance targets not
being met. In this scenario too, the designer may employ the
cost-saving technique in conjunction with a performance improvement technique, provided the total system’s cost remains
low. If the target sensitivity of the ROF link is not met, then
the designer may employ a technique from the family of techniques for increasing depth of optical modulation, for noisereduction or for overcoming chromatic dispersion, which were
discussed in Sections V-B to V-F and in Section V-K. Among
these techniques, the ones employing carrier suppression,
balanced photo-detection and dispersion-tolerant modulation
schemes are easier to implement. On the other hand, if the
target linearity of the ROF link is not met, then the designer
may increase the linearity of optical modulation, as discussed
in Sections V-E to V-I or aim for overcoming the fiber nonlinearity, as discussed in Section V-J. Employing linearized
optical modulators reduces the strength of the required RF
signal along with the suppression of the non-linear products,
thereby degrading the link’s sensitivity. Both OIL and optical
feed-forward linearization provides noise-reduction in addition
to improving the linearity of optical modulation, while the
technique of electronic pre- and post-compensation is the
simplest to implement. Finally, if the target number of users
cannot be supported by the ROF link, then the designer may
opt for improving the optical spectral efficiency, as discussed
in Section V-A.
Moreover, when it is not possible to meet the performance
targets, the analog optical link can be replaced by the Digitized
Radio Over Fiber architecture listed in Fig. 23. Alternatively,
the sampled RF over fiber technique discussed in Section
V-L may be employed. As discussed in Section V-L, this
architecture employs the more robust digital optical link, but
has a more complex RAP.
IX. C ONCLUSIONS
In this paper, we introduced the concept of Radio Over Fiber
(ROF) transmissions in Section I and then proceeded to discuss
the various techniques and design trade-offs of the ROF link
of Fig. 3 in Sections II, III and IV, including the optical
transmitter, the optical fiber, the optical receiver and the optical
network. These trade-offs were summarised in the stylized illustration of Fig. 5. We then continued our discourse in Section
V by characterizing the main architectures that may be used
for improving the ROF communications system’s performance,
which were categorized in Fig. 23. The wavelength-interleaved
multiplexing technique discussed in Section V-A increases the
optical spectral efficiency and hence the throughput of the
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ROF link, while the carrier suppression technique discussed in
Section V-B improves the receiver sensitivity by increasing the
depth of the optical modulation. On the other hand, the noise
imposed by the optical link can be reduced by the techniques
discussed in Sections V-C and V-D, namely by low-biasing the
optical modulator and by employing balanced photo-detection.
These techniques have been illustrated in Fig. 33 and Fig.
34, respectively. The techniques of Optical Injection Locking
and optical feed-forward linearization discussed in Sections
V-E and V-F, respectively, not only help in noise-reduction
but also in increasing the linearity of the optical modulation.
We then went on to discuss other techniques conceived for
increasing the linearity of optical modulation, including the
employment of linearized modulators, of optical filters as well
as of electronic pre-distortion or post-compensation filters,
which were portrayed in Fig. 39 to Fig. 45. We then discussed
the multiple fiber transmission scheme of Fig. 46 designed
for overcoming the non-linear effects of the optical fiber,
followed by a discussion of the various schemes of Fig.
47 to Fig. 54 aimed at overcoming chromatic dispersion.
These arrangements included the use of dispersion tolerant
modulation schemes, fiber gratings, chirped optical signals,
self-phase modulation and finally the use of optical phase
conjugation. We then concluded our discussions by presenting
the Digitized ROF architecture of Fig. 56, which aims for
incorporating the benefits of digital optical communication in
the conventional ROF link of Fig. 3, at the cost of a more
complex Radio Access Point (RAP) design.
Naturally, we have to strike a cost versus performance tradeoff in the various ROF techniques. Since the performance
enhancment techniques of Section V increase the cost of
the ROF link, in Section VI we additionally detail the main
cost reduction techniques that may be used in the ROF link
of Fig. 3. The integration of the ROF network with the
Fiber To The Home (FTTH) network, as seen in Fig. 57
to Fig. 62, would reduce the installation costs. However, in
such a scenario, the designer has to strike a trade-off between
the performance of the baseband optical transmission of the
FTTH network and the attainable performance of the ROF
transmission. Cost reductions can also be achieved by making
the RAP laser-free by re-using the DL optical signal for UL
communication, as seen in the architectures of Fig. 63 to Fig.
74. These wavelength re-use techniques rely on Optical Carrier
Recovery and Reuse (OCRR), Optical Re-modulation (ORM)
or on the use of a modulator-cum-photo-detector, which were
discussed in Sections VI-B.1, VI-B.2 and VI-B.3, respectively.
The OCRR techniques of Fig. 63 to Fig. 66 rely on the
separation of the DL optical carrier from the DL modulation
sidebands, while the ORM techniques of Fig. 67 to Fig. 70
re-modulate the optical signal carrying the DL wireless signal
with the uplink wireless signal as well. On the other hand,
a modulator-cum-photo-detector detects the DL optical signal
besides simultaneously performing UL optical modulation in
the RAP. Finally, another technique of reducing the ROF
system’s cost in a multi-RAP and/or multi-user scenario is
to decrease the number of lasers employed in the BS, which

can be achieved by using multi-mode laser sources, as shown
in Fig. 75(a) or by employing the modulation harmomics as
shown in Fig. 75(b) and Fig. 76. We then present the design
guidelines in Section VIII.
We conclude by stating that there are numerous open areas
for futher research. Some of these areas include, although are
not limited to, integrating various millimeter-wave techniques
with a ROF backhaul [129] [130], the use of mode-division
multiplexing in multimode optical fibers for ROF [131], employing phased array antennas in a ROF link [132] and the use
of plastic optical fiber for indoor personal area networks [133].
Multimode optical fibers, especially plastic optical fibers, are
less expensive than single mode fibers. Having a large core
size simplifies their connections and they can be used with
low-cost Light Emitting Diodes (LEDs) and Vertical-Cavity
Surface Emitting Lasers (VCSELs). However, the multimode
nature of their propagation inevitably limits their employable
bandwidth and lengths. Significant research efforts are being
invested in overcoming this drawback through efficient signal
processing.
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