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Abstract We present a review of concepts and challenges to implement the OFDM
technique in the all-optical domain so that it may emerge, in a near future, as a
technically and economically feasible option to meet, with spectral efficiency and
energy saving, the ever-increasing demand of capacity in data transmission systems.
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1 Introduction

Since the disruptive advent of erbium-doped fiber amplification and wavelength divi-
sion multiplexing (WDM) in the early 1990s, it became common to justify most of
the research on high capacity optical transmission systems as being motivated by the
need to meet the ever-growing demand for bandwidth [1-3]. Nowadays, as services
and applications continue to evolve, the growth in bandwidth demand still holds this
argument valid, although in a more complex scenario that incorporates other equally
important requirements such as increase of spectral efficiency (SE) and reduction
(or better control) of energy consumption [4-9]. In this context, two multiplexing
techniques stood out, among other advanced technologies that emerged, to meet the
desired high spectral efficiency: optical orthogonal frequency division multiplexing
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Fig. 1 a O-OFDM and b N-WDM signals represented in the frequency in time domains (R and
T represent the symbol rate and duration, respectively)

(O-OFDM) and Nyquist WDM (N-WDM) [11, 12]. Both allow subcarrier over-
lapping—in the frequency and time domains, respectively, as illustrated in Fig. 1.
Furthermore, both are typically associated with coherent detection and electronic
processing that, by one hand, allow fulfilling the bandwidth specification but, on
the other hand, increase the energy consumption [13, 14]. Note that, strictly speak-
ing, there are two competing ways for implementing an OFDM signal in the optical
domain: one refers to the electronic generation of an OFDM data stream (RF OFDM)
that will modulate the optical carrier, usually called coherent OFDM (CO-OFDM)
and more commonly investigated for access networking applications [10]. The other
is associated to the modulation of optical subcarriers provided by an optical comb
generator, thus comprising an all-optical OFDM data stream, hereby referred to as
O-OFDM [12].

Despite the reciprocity in frequency and time of the two multiplexing techniques
seen in Fig. 1, N-WDM with an adequate pulse shaping, in frequency, and over-
lapping, in time, has been proved to be a more reliable solution [14]. In fact, when
compared to O-OFDM, N-WDM is a more mature technology that requires, among
other advantages, a less complex transceiver and a lower ratio between transmit-
ted peak power and average power [14—17]. Being able to minimize the occurrence
of inter-symbol and inter-carrier interferences, ISI and ICI, respectively, N-WDM-
based techniques usually employ wavelength selective switches (WSS) for optical
filtering and channel selection with a reduced guard band between carriers. However,
they still require a finite guard band between carriers, and whenever the need of a
higher SE is more stringent, O-OFDM may represent a better option since it does not
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require guard band—on the contrary, it allows spectral overlapping of subcarriers
[12, 18, 19].

With that perspective in mind, in this chapter, we present an overview of concepts,
challenges, and technological approaches for implementing the O-OFDM technique.
The chapter focuses, mainly, on interferometric methods for the all-optical process-
ing performed at the receiver side and at intermediate nodes [20—24]. This special
attention is necessary because, as far as O-OFDM principles are concerned, de-
multiplexing, routing, adding, and dropping of optical subcarriers must be performed
by mechanisms that do not violate the orthogonality condition. That is a feature
intrinsic to the technique, and thus requires more sophisticated schemes allied to the
conventional WSS. Mathematically, the interferometric methods operate similarly
to the fast Fourier transform (FFT) and the inverse fast Fourier transform (IFFT)
algorithms for providing a time-to-frequency conversion and a frequency-to-time
conversion, respectively. To simplify the interferometric implementation in cases
where the number of subcarriers increases, Hillerkuss et al. [21] proposed the use
of optical filters combined with optical couplers, Mach—Zehnder interferometers
(MZIs), phase shifters, and delay lines (DLs) and their proposal is explored in this
chapter aiming at the design of more compact structures. Our main goal is to intro-
duce a level of abstraction into a discussion that takes into account the fundamentals
behind O-OFDM and N-WDM and disregards their present degrees of technological
maturity. That could lead to a comparison between them based on the hypothetical
assumption that both can be implemented by state-of-the-art technologies combining
optoelectronics, optical/electronic processing of signal and integrated photonics. In
that case, one could establish a pattern that, ultimately, relies on the energy consump-
tion as a key factor for determining which technique should be employed in a case
to case basis.

This chapter is organized as follows. Section 2 presents a review of OFDM fun-
damentals illustrated by the implementation of an electrical (RF) OFDM data stream
that modulates an optical carrier and is recovered by a coherent receiver, compris-
ing the so-called coherent OFDM (CO-OFDM). Section 3 describes briefly three
common techniques used to generate an optical comb from a seed laser and the
subsequent modulation of subcarriers, adequate to generate the mutually orthogo-
nal subcarriers, i.e., the O-OFDM data stream. Section 4 focuses on the all-optical
FFT and IFFT implementation. It starts by describing the complete interferometric
technique before presenting Hillerkuss’ simplification (Sect. 4.1), which leads to
another approach based on the AWG technique [25] (Sect. 4.2). In Sect. 4.3, as a
proof of concept, we describe an experiment configured with discrete components for
demonstrating Hillerkuss’ proposal applied for the drop of a subcarrier out of a four-
channel O-OFDM [26]. In Sect. 4.4, the experimental results are used to calibrate
a system simulator that performs the whole operation, thus including an all-optical
IFFT for the insertion of a subcarrier [26]. Section 5 deals with synchronism and
optical clock recovery of phase-modulated signals, illustrated by a technique based
on the use of a four-wave mixing (FWM) process [27, 28]. In Sect. 6, we propose a
node architecture, similar to those in [29-39] (Sect. 6.1) that summarizes what could
be incorporated into a reconfigurable optical add and drop multiplexer (ROADM)
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to enable the new functionalities. Finally, in Sect. 6.2, we present a brief discussion
on energy consumption in Mach—Zehnder modulators implemented with integrated
photonic technology [31-35], which will be necessary for allowing O-OFDM to
become a cost-effective technique [36].

2 OFDM Fundamentals

The concept of (RF) OFDM was first introduced by R. W. Chang, in 1966, whilst
the term “OFDM” first appeared in Chang’s patent, in 1970 [37]. The most potential
applications of the technique, however, would only be fully explored after the evolu-
tion of integrated circuits technology up to being able to support the computational
effort required for a practical OFDM implementation. That became possible with
the advent of broadband digital applications and very large-scale integrated (VLSI)
CMOS chips, in 1990, which brought the technique into the spotlight [38, 39]. Since
then, it has been extensively investigated mainly in the context of RF applications.
Although its fundamentals remain the same whereas the optical domain is concerned,
the translation from an RF OFDM signal, which will propagate through wired or,
more typically, wireless channels, into its optical counterpart, which will propagate
through an optical fiber, is not straightforward. That is because of intrinsic differ-
ences between the communication channels and the linear and nonlinear propagation
effects that they induce. For example, in a linear propagation regime, multiple paths
undergo a Rayleigh process in a typical wireless media, while in the optical media the
phase dispersion caused by the fiber chromatic dispersion affects the propagation of
multiple subcarriers in a different way [40, 41]. Although mentioned in this section,
these linear effects are not addressed in details in a way to describe how exactly they
are dealt with at the transmitter and receiver. Instead, the section will focus on more
fundamental concepts and on a simplified mathematical formulation related to the
generation and reception of a generic RF OFDM signal. In other words, it focuses on
the digital signal processing techniques related to the Fourier transform. In the end,
it will illustrate how a transmitter—receiver pairing can be implemented for allowing
the propagation of a CO-OFDM signal.

OFDM is a special class of parallel transmission scheme, sometimes referred to
as multicarrier modulation (MCM) [40, 41]. Conceptually illustrated in Fig. 2a, a
generic MCM structure employs a complex multiplier (IQ modulator/demodulator)
and requires an optimum detector, for each subcarrier, with a filter that matches
the subcarrier waveform or, alternatively, a correlator matched to the subcarrier,
as indicated in the figure. A classical MCM uses bandlimited signals that do not
overlap and are generated by a large set of oscillators and filters at both ends. The
major drawback of this approach is the excessive bandwidth it requires since the
channel spacing has to be a multiple of the symbol rate, which reduces the spectral
efficiency. OFDM, on the contrary, can be implemented by spectrally overlapping
orthogonal signal sets, where the orthogonality originates from a correlation between
any two subcarriers [40].
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Fig. 2 a Schematic of a generic multicarrier system; b schematic of a generic OFDM transmitter
and receiver for a point-to-point transmission (Adapted from [40])

According to the notation in Fig. 2a, for a transmitted signal, s(¢), cy; is the i-th
information symbol at the k-th subcarrier. This way, sy is the waveform corresponding
to the k-th subcarrier. Assuming that N is the number of subcarriers, f is the
subcarrier frequency, 7' is the symbol period, and I1(¢) is the pulse shaping function,
it follows that [40]:



164 M. L. Rocha et al.

+00 Ny
st)y= > chsk(t —iTy)
i=—00 k=
se(1) = TI(r)e 27! (1)

o — 1, 0<t<T)
@ = 0,t<0,t>T)

For a received signal, r(¢), in the time domain, the detected information symbol
c; at the output of the correlator is then given by [40]:
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In a multicarrier system approach, a high-rate serial data stream is split up into a
set of low-rate sub streams, each of which is modulated on a separate subcarrier (SC).
In other words, a single data stream is transmitted over a number of lower rates SCs
so that the bandwidth of the SCs becomes small compared with the bandwidth of the
whole channel. The “key” concept of OFDM is, then, the spectral overlap allowed
by selecting a special set of mutually orthogonal subcarrier frequencies, which thus
provides the desired high spectral efficiency. The orthogonality originates from a
correlation between any two SCs (“k” and “[”’) given by [40]:
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Figure 2b illustrates the implementation of other key concepts behind OFDM.
The first states that the banks of I/Q modulators and demodulators, that would oth-
erwise be required, can be replaced by signal processing algorithms. In that case,
the inverse discrete Fourier transform (IDFT) and the discrete Fourier transform
(DFT) algorithms can be used for, respectively, modulating and demodulating the
data transported by the orthogonal SCs. To demonstrate this principle, we replace
Ny by N and assume that s(¢) is sampled at every interval Ty/N. The m-th sample of
s(t) may then be written as [40]
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Using the orthogonality condition (4), in (5), we then obtain [40]
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where J refers to the Fourier transform. Similarly, at the receiver, if the received
signal r(¢) is sampled at every Tx/N interval, we will have [40]:

¢, = ez} )

From (6) and (7), we notice that s(¢) corresponds to the N-point IDFT of ¢, and
the received information symbol corresponds to the N-point DFT of the received
signal. Note that, for a practical DFT/IDFT implementation, two devices are also
essential: a digital-to-analog converter (DAC) that converts the discrete value of s,,
to the continuous analog value of s(¢), and an analog-to-digital converter (ADC), that
converts the continuous received signal r(¢) to the discrete sample r,,. This scheme
can be implemented with relative simplicity using the fast Fourier transform (FFT)
algorithm. Such simplicity comes from the algorithm’s computational efficiency.
In fact, since Cooley and Tukey’s formulation in 1965, the FFT algorithm became
a popular computational tool. That is because, as a DFT algorithm, it is able to
reduce the complexity of computing a DFT from O (N?) to O (N log N). In this
representation, N corresponds to the data size and the big O is a classifying notation
of the computational running time and/or space requirements [42].

Another key principle illustrated in Fig. 2b is the introduction, in the time domain,
of a cyclic prefix known as Guard Interval (GI), to compensate the effect caused by a
dispersive channel. As a consequence of its use, the transmitted signal becomes peri-
odic and a time-dispersive effect (either in the wireless or optical channel) becomes
equivalent to a cyclic convolution, discarding the GI at the receiver. A drawback
of this technique is the loss of efficiency in transmitted power since the redundant
GI must be also transmitted. At the receiver, the equalization (symbol de-mapping)
required for detecting the data becomes an element-wise multiplication of the DFT
output by the inverse of the estimated channel (channel estimation). For phase modu-
lation schemes, multiplication by the complex conjugate of the channel estimate can
do the equalization. Differential detection can also be applied where the symbol of
adjacent SCs or subsequent OFDM symbols are compared to recover the data [41].

As a final remark related to the design of an OFDM receiver, time and frequency
synchronization are also key issues because they are responsible for, respectively,
identifying the start of the OFDM symbol and aligning the local oscillator frequencies
at the modulators and demodulators. If any of these synchronization tasks are not
performed efficiently and accurately, the orthogonality of the SCs may be lost, or at
least partly lost, which will increase the penalties caused by ISI and ICT [41].
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Fig. 3 Block diagram of a generic CO-OFDM transmission system with a direct up-/down-
conversion architecture (Adapted from [40])

As a summary, Fig. 3 presents a conceptual diagram for implementing a generic
CO-OFDM transmission system. It comprises five functional blocks: RF OFDM
transmitter, RF-to-optical (RF-O) up-converter, optical link, optical-to-RF (O-RF)
down-converter, and RF OFDM receiver [41]. For this basic setup, it is assumed a
linear fiber propagation regime as well as a linear operation at the up- and down-
conversion blocks. As illustrated, the input digital data at the Tx side are first con-
verted from serial to parallel into a block of bits consisting of Ny symbols, where
each symbol consists of multiple bits for m-ary coding. These symbols are mapped
into a two-dimensional complex signal cy;. The RF OFDM signal in the time domain
is obtained through the IDFT of c¢;;. Next, a guard interval is inserted to avoid the
channel dispersion. The digital signal is then converted to an analog form through a
DAC and filtered by a low-pass filter that removes the alias signal. The subsequent
RF-O up-converter transfers the baseband signal to the optical domain by using an
optical IQ modulator comprising a pair of Mach—Zehnder modulators (MZMs) with
a phase offset of 90°. The baseband RF OFDM signal is directly up-converted to
the optical domain. After traversing the optical medium, the CO-OFDM signal is
then fed into the O-RF down-converter, where it is converted to an RF OFDM signal
again. Figure 2b shows the direct down-conversion architecture in which the inter-
mediate frequency (IF) is near-DC. In the RF OFDM receiver, the IF signal is first
sampled with an ADC. The signal then undergoes the three levels of synchroniza-
tion: (i) DFT window synchronization: RF OFDM symbols are properly formatted
to avoid ISI; (ii) frequency synchronization: frequency offset is estimated, compen-
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sated, and, if possible, adjusted to a small value at the start; (iii) subcarrier recovery:
each subcarrier is estimated and compensated [40].

3 O0-OFDM Generation

The possibility of operating with only one optical source for generating multiple
carriers represents a paramount issue for the O-OFDM technique and may favor it
over N-WDM, where the operation of multiple laser sources is mandatory. In this
context, a challenge for the O-OFDM design is to build up an optical multicarrier
source where the orthogonality condition is always guaranteed. One way to assure the
orthogonality relies upon the use of a single laser seed for generating phase-coherent
frequency-locked subcarriers that will be synchronously modulated. As a bonus, the
mechanism should also be able to guarantee the desired high aggregate capacity by
exploiting parallel processing techniques, moderate modulation rate per subcarrier
and high spectral efficiency.

A signal generated from such an arrangement is usually referred to as optical
superchannel [12, 43]. Since the subcarriers are overlapped, the interference between
them can be eliminated by avoiding frequency shifts of adjacent channels and that
imposes another challenge, which is to adequately separate the subcarriers for indi-
vidual processing. Therefore, a correct processing of one subcarrier out of several
others requires that, at least, the following three conditions are met [43]:

1. The subcarrier separation must be equal to the symbol rate of each modulated
subcarrier (that assures the orthogonality condition);

2. The symbols, in modulated subcarriers, must be aligned in time (thus fulfilling
the synchronism requirement);

3. The transmitter bandwidth must be large enough to accommodate all subcarriers,
provided that an appropriate sample rate and anti-aliasing filtering are applied
(which satisfies the requirements for operation in an elastic optical networking
context).

From the above conditions, it follows that for a given total symbol rate, the bigger the
number of subcarriers the smaller the difference between their frequency separation
and, consequently, the smaller the symbol rate that modulates each one of them.

Although a complete O-OFDM generation process undergoes two basic steps:
generation of an optical comb and adequate modulation of subcarriers, this section is
more concentrated on the optical comb generation stage. In previous works, we have
experimental and theoretically investigated this subject in more details [43—46] but
for the present scope it is enough to highlight that, from a number of optical comb
generation techniques, proposed in the literature for this application, three have stood
out as a promising base for more practical implementations:

1. Cascade of Mach-Zehnder/Phase modulators (MZM/PM), seen in Fig. 4a:
commonly used to generate signals with two to around eleven subcarriers—this
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of Mach—Zehnder modulators; b recirculating frequency shifting (RFS); ¢ laser gain switching
(Adapted from [43])

limitation is determined by the MZMs/PMs electro-optic bandwidth and by the
maximum amplitude of the driver signal. In this approach, two or more cascaded
modulators are driven by phase-controlled sinusoidal electrical waves (tuned into
the same RF frequencies). It is important to notice that not just MZ modulators
may be cascaded, the setup may comprise a cascade of phase modulators (PM), or
a combination of PMs and MZs. The important point here is that each modulator
will produce a set of sidebands shifted by the RF frequency applied on the
modulators. Another important aspect is that, in order to keep the overall optical
to signal to noise ratio (OSNR) equalized, the amplitude of each subcarrier will
have to be individually controlled [43, 47, 48].

Recirculating Frequency Shifting, RFS, Fig. 4b: based on the frequency con-
version produced by single sideband modulation, allows the generation of a great
number of stable subcarriers. In the RFS technique, a continuous wave (cw) laser
signal is shifted, in frequency, within a recirculation loop due to an analog phase
modulation process. In a basic configuration, the OCG consists of a seed laser, a
2 x 2 optical coupler, a double MZ modulator, an Erbium-doped fiber amplifier
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(EDFA), to compensate for the loop losses, and an optical filter, for limiting the
number of generated subcarriers and the level of amplified spontaneous emission
noise (ASE) within the loop. The cw optical signal is continuously injected into
the loop through one of the coupler input ports. After each round trip, part of the
signal exits the loop and part returns to it. In the loop, the modulator is electrically
driven by two mutually orthogonal RF sine waves. Its biasing points are adjusted
in such a way to generate a single sideband suppressed carrier (SSB-SC) signal,
which is then amplified and filtered. Note that the filter output is recombined
with the signal seed laser signal, at the coupler input, so that, at each round trip,
new comb lines may be continuously generated while the modulator output is
continuously shifted by the RF frequency applied to the modulator. After many
round trips, the initial comb lines are totally shifted to outside of the filter band;
however, the process assures that new comb lines will be continuously generated
inside the filter band. In the RFS spectrum, an excessive noise level is usually
present, due to the use of optical amplifiers (EDFAs) required for the technique
implementation [43, 49, 50].

3. Discrete mode laser (DM) driven by a sine wave, Fig. 4c: similar to gain
switching in semiconductor lasers, results in phase locking at the comb output.
Compared to the previous approaches, this one is relatively simpler and, conse-
quently, of lower cost. In this implementation, a sinusoidal RF signal is amplified
and directly applied into a laser designed for direct modulation applications. Its
amplitude is adjusted for the desired optical to signal to noise ratio (OSNR) [43,
51-55].

The spectra seen in Fig. 4 were obtained from simulation pallets configured to
equalize the comb lines by using a set of variable attenuators (VOAs) placed in
between a DEMUX/MUX (WSS), as illustrated in Fig. 5. A generic O-OFDM gen-
erator thus comprises two basic stages: a seed-laser-based OCG and a modulation
stage, consisting of a WSS (DEMUX/MUX) and modulation modules (MOD). If
subcarriers’ power equalization is necessary, VOAs may be included. The two exper-
imental spectra illustrated in Fig. 5 were obtained with the RFS technique, taken at
the DEMUX and MUX input and output, respectively [45].

4 Optical FFT/IFFT

Events in the time domain can be related to events in the frequency domain via the
Fourier transform: going from time to frequency requires the Fourier transform itself,
whereas the reverse process requires the inverse Fourier transform. This procedure
can be implemented in several versions and the choice of which to use depends on the
intended application. One of these applications is the signal processing performed
with a sampled signal. At the limit, for a large spectrum tending to infinite, the
sampling process causes different signals to become indistinguishable, an effect
known as aliasing. On the other hand, at the time domain side, signals not limited



170 M. L. Rocha et al.

Comb Generation Stage Modulation Stage Optical OFDM stream
—@—{voo )
Seed ‘ MOD
Laser
ECL OCG : L
_ S| @mom i\
5 \ II' NAI AN i ."I ' m 5
g (AN 1 e
R A TRVATAVAVAVAVAVAYA 0 < #
i R
Wavelength (nm) Wavelength (nm)

Fig. 5 Basic diagram of an O-OFDM superchannel generator comprising a seed-laser-based OCG
and a modulation stage: WSS (DEMUX/MUX) plus modulation modules (MOD) (ECL: External
Cavity Laser) (Adapted from [45])

in time lead to a processing that requires an infinite storage space [42]. Such a
dual problem can be avoided by using the discrete Fourier transform (DFT), in
which the signals are sampled in both time and frequency domains [42]. The fast
Fourier transform (FFT) is merely a rapid mathematical method for computational
applications of DFT. In this context, RF OFDM has become a prominence due to
the ability of modern integrated circuits to generate this multicarrier signal by using
IFFT and to reverse the process, in the receiver, by using FFT [42].

In a similar but not straightforward way, the O-OFDM approach depends on the
maturity of a technology that will allow it to become as popular as RF OFDM. That,
by inference, should be related to the optical counterpart of the (I)FFT algorithm
implemented by an optical integrated circuit.

The use of integrated optics (IO) for implementing the FFT algorithm in the
optical domain was first suggested by Marhic et al. in 1987 [56], although at the
time the IO technology was not mature enough for practical demonstrations. Later,
in 2001, Siegman et al. proposed a more achievable solution for obtaining the DFT
of a sampled optical array that traversed a combination of optical 3-dB couplers and
optical phase shifters [57]. Despite the difficulty to be implemented and stabilized
in discrete assemblies, these interferometric types of structure have been studied for
the processing of O-OFDM signals since then [58—65]. As they may suffer from
complexity increase in their design as the number of subcarriers increase, in 2010
Hillerkuss et al. proposed a simplification in the interferometric method that could
form a basis for the design of reliable and less complex schemes aiming at more
cost-effective solutions [21]. In this same line of application, in 2011 Wang et al.
proposed the use of conventional arrayed waveguide gratings (AWG) as integrated
spectral filters to perform the optical FFT/IFFT functions [25]. Wang’s proposal is
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promising because, compared with other FFT/IFFT optical circuits, AWGs are less
complex structures, especially for a large number of inputs and outputs [25].

4.1 Interferometric Technique

Consider a system with n inputs, m outputs and N time samples, where N = 2” and
p is an integer. Furthermore, consider that x,, represents the time-series sample of
a signal x(¢), taken over a period T, and X, is the correspondent complex spectral
components repeated with a period 7. The N-point DFT transforming the N inputs
X, into N outputs X, is then given by [21]:

N—-1

Xm:Zexp[—jZn%]xn, m=0,... N—1 (8)
n=0

The FFT operates in such a way that it splits a DFT of size N into two interleaved
DFTs of size N/2 after a number of recursive stages. That originates ‘E,,” and ‘O,,’,
the even and odd DFT of size N/2, for even and odd inputs x»; and x2.; (I =0, 1,
2,...N/2 — 1), respectively. Mathematically, that can be expressed as [21]

E, +exp[—j2n 210, ifm <

X, = )

vz vz

En_nj2 —exp[—j2m(m — 5)]|On_yy2 ifm >

In independent proposals, Marhic [56] and Siegman [57] demonstrated that, in
order to obtain the spectral components of a time series, the N samples, taken at an
interval T, must be fed simultaneously into an optical circuitry comprising a set of
optical time delays acting as a serial-to-parallel (S/P) converter. This type of optical
FFT (sometimes referred to as OFFT, or O-FFT) differs from the electronic imple-
mentation because it operates in a continuous mode and, to function correctly, the
sampling must be performed in synchronization with the symbol over duration of
T/N. This condition imposes a severe stability restriction and requires an extra care in
maintaining equal delays and proper phase relations within waveguides that intercon-
nect the optical couplers, thus configuring an interferometric structure. Despite these
challenges, it is important to note that the optical FFT approach requires, mostly,
passive devices with low power consumption in comparison with components of the
electronic FFT approach. Furthermore, the fact that the optical sampling window
sizes can be shorter than the electronic sampling windows (at the ADCs) gives to the
optical FFT approach another important advantage.

This chapter focuses on Hillerkuss® proposal [21] because, besides the possibil-
ity of leading to simpler integrated devices, it may lead to a simpler experiment
using discrete components. In fact, by working on both Marhic and Siegman’s ideas,
Hillerkuss et al. demonstrated that by reordering optical delays lines and relabeling
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Fig. 6 a Four-point optical FFT in a low-complexity interferometric scheme; b complete interfer-
ometric method followed by the simplified version for N = 2, 4 and 8 (Adapted from [21])

outputs accordingly it is possible to simplify the overall structure of the optical FFT.
Based on their development, Fig. 6a illustrates a setup for N = 4 [21]. Taking the
initial approaches as a reference, this configuration was achieved after relocating
the sampling gates to the end of the circuit, a step that does not change the overall
operation. Furthermore, the delays in the S/P conversion stage were reordered and
the outputs were relabeled accordingly in a way that the OFFT input could comprise
two parallel delay interferometers (DIs). The simplification rules as proposed by
Hillerkuss can be applied to any size (V) of FFT. Figure 6b illustrates the simplifi-
cation process applied for N = 8, going from Marhic’s scheme (top of Fig. 6b to the
Hillerkuss’ simplified version (bottom of Figure(b)) [21].

For applications that require add and drop functionalities, Hillerkuss’ proposal
offers an important advantage for the extraction of a single subcarrier. For that, once
the subcarrier to be extracted has been selected, it is possible to remove all delay
interferometers (DIs) that are not on the optical path that corresponds to the selected
output port that leaves only one DI per stage, which leads to a number of DIs equal
to logoN. To select the subcarrier, it is only necessary to tune the phases in each DI,
and that can be accomplished without changing the setup design, as illustrated in
Fig. 7 [21].

Another important simplification proposed by Hillerkuss’ aims at reducing one
or more stages of DI by replacing them with standard optical filters [21]. The idea is
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Fig. 7 Simplification principle: within a delay interferometer (DI), all delay lines (DL) that are not
on the optical path correspondent to the selected output are removed (Adapted from [21])

based on the fact that the DFT acts as a periodic filter in the frequency domain with
a free spectral range (FSR) equal to NAw. Furthermore, each DI can be seen as a
periodic filter with FSR NAw/2p where p is the index of the FFT stage and N is the
order of the FFT. As a rule of thumb, the stages with a higher subscript (those being
traversed last) have the largest FSR and should be replaced first. Figure 8 illustrates
the technique for N = 8§ [21].

4.2 AWG Technique

To further Hillerkuss’ approach toward a popular device used as WDM MUX and
DEMUX, Wang et al. proposed and demonstrated an all-optical FFT/IFFT scheme
based on conventional arrayed waveguide gratings (AWGs) [25]. For this purpose,
they showed, through simulated results, that it is possible to employ AWGs perform-
ing both functionalities, i.e., MUX/DEMUX and optical FFT/IFFT. That may be an
important feature for an optical OFDM transmission that involves a large number of
inputs and outputs. Wang’s demonstration is based on a few additional conditions
imposed onto the design parameters of a conventional AWG that operates as a WDM
filter. Figure 9a illustrates a typical AWG with input/output waveguides, two focus-
ing slab regions and one arrayed multichannel waveguide between two slab regions,
with constant path increment AL between the channels. Usually, the two slab regions
are identical with the details shown in Fig. 9b [25].

The basic design of such structure may be altered to include the optical FFT/IFFT
functionalities in such a way to control the time difference of light traveling, t,
between adjacent channels in the arrayed waveguide, where 1/t defines the FSR in
the frequency domain. The AWG can perform both optical FFT and IFFT opera-
tions by introducing a selection condition so that the AWG transmission spectrum
repeats itself after every NA periods. In other words, the FSR of the AWG, 1/t
matches exactly the spacing between different frequency bands, each band con-
taining N channels. Such structures are named cyclic AWGs where the N arrayed
waveguides provide temporal delays and the input/output slab regions produce phase
shifts. The operation is only valid when all N copies of the signal, s(¢), overlap with
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Fig. 8 a Optical FFT (OFFT) scheme for N = 4 points combining passive splitters and optical time
delays for serial-to-parallel conversion. The optical gates sample the optical signal and the OFFT is
obtained using 2 x 2 couplers and phase shifts; b after simplifications that eliminate redundancies
and relocate the gates, a simpler scheme may be obtained; ¢ technique for replacing parts of the DI
by a first-order passband Gaussian filter wide enough to extract one subcarrier; d to replace more
DI stages a narrower filter may be used but crosstalk and ISI may occur (Adapted from [21])

different time delay, i.e., there is only a time window with width t, during which the
FFT is realized. In this structure, a time gating device may be required to sample the
signal at that window (as indicated in Fig. 10a). In the optical IFFT configuration
(Fig. 10b), the input signal must be discrete at each subcarrier frequency, or at least
have time interval less than 7. Otherwise, there will be ISI at some of the N samples
caused by the time delay in the arrayed waveguide [25].
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Fig. 9 aTypical AWG structure; b detail of its design where D is the AWG’s input/output waveguide
separation, the arrayed waveguide separation is d (for input) and d; (for output), and the radius of
the curvatures is f (for input) and f; (for output). Here d = d1, and f = f1 (Adapted from [25])
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Fig. 10 Configuration of an AWG to operate as an optical. a FFT and b IFFT subsystem (adapted
from [25])

4.3 Optical FFT Experimental Demonstration

In this section, we present the results obtained from a setup assembled for evaluating
experimentally the drop stage of an optical FFT based on a discrete-component
implementation, as illustrated in Fig. 11 [26]. The demonstration of an all-optical
node that includes the add stage was simulated and will be presented in the next
section. Despite having already investigated the OCG techniques based on a cascade
of Mach—Zehnder and/or phase-modulators and also on the recirculating frequency
shifter (rfs) techniques, for this proof of concept we used an OCG based on the
gain switching of a semiconductor laser because of its simplicity and energy-saving
potentiality. The generated comb lines can be seen in Fig. 11a, where the frequency
spacing between the optical carriers, Af, 12.5 GHz, imposes a bit rate equal to
12.5 GBd to satisfy the orthogonality condition. Due to its laboratorial availability,
the modulation format used was quadrature shift phase keying (QPSK), which thus
resulted in a bit rate of 25 Gb/s/subcarrier. Figure 11c illustrates the eye diagram
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Fig. 11 OFFT experimental demonstration by dropping one subcarrier out of a three-subcarrier
O-OFDM signal. The OFFT comprises a two-stage DI where the second one is replaced by a tunable
bandpass filter wavelength shaper (WSS) (Adapted from [26])

of the modulating data at the PRBS generator output. Furthermore, as the need of
using discrete components that are insensitive to polarization fluctuations limited
the number of available couplers, the demonstration was performed with only three
subcarriers (Fig. 11b), thus resulting in a gross rate of 75 Gb/s.

The optical OFFT demonstration was based on the scheme seen in Fig. 11, where
the second DI stage was replaced by an optical bandpass filter. The assembling of the
first DI required the use of an optical bench because the nonintegrated interferometric
subsystem operated without a stabilization circuitry. For dropping one carrier out of
the three-subcarrier signal, we used one delay line (DL), one splitter and one 2 x 2
coupler with polarization maintaining (PM) fibers, followed by a WSS replacing the
second DI. Figure 11d—f show the spectra at the first DI input, second DI input (after
the EDFA) and output, respectively. To evaluate the influence of crosstalk and ISI in
the BER performance, caused by replacing the second DI by the filter, the WSS was
set to two band values, 15 and 25 GHz so that we could select the best performance
passband [26].
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Fig. 12 (a) Experimental results (BER vs. OSNR) for each carrier dropped by the OFFT where
one DI stage was replaced by a band pass filter (BPF) tuned to 15 and 25 GHz. Inset: constellation
of the three dropped carriers (Adapted from [26])

To complete the setup, there was a coherent receiver together with an arrange-
ment comprising an EDFA, a VOA followed by an optical coupler, a splitter and a
polarization controller (not shown but necessary for accessing the received signal
before its processing at the DSP [26]). The receiver was a commercial integrated
coherent receiver (ICR) used for the reception of 28 GBd-QPSK signals. The two
electrical ICR output signals were sampled at 50 GSa/s by a two-channel real-time
scope (20 GHz band) for offline DSP. As an optical local oscillator, we used a tunable
external cavity laser (ECL) with 100 kHz linewidth. The DSP subsystem included
anti-aliasing filtering, ortho-normalization, resampling to two samples/symbol, time
recovery, constant modulus algorithm (CMA)-based equalization (with 60 taps), and
carrier/phase recovery. For taking into account the measurement fluctuations and
for providing a better assessment of the system behavior, each measurement was
repeated sixty times. From these data, we selected the five with best performance
and averaged them. The results thus obtained are summarized in Fig. 12.

Figure 12 shows the BER versus OSNR for each carrier dropped by the OFFT
using the BPFs configured to 15 and 25 GHz, as well as the constellation diagrams
after the OFFT operation. The performance with the narrower band (15 GHz) was
worse for the three carriers in comparison to their behavior with the wider band
(25 GHz). That happened because the narrower band cut the high-frequency com-
ponents of the signal, thus distorting its eye diagram. Note that for both pass bands,
the central carrier (A,) presented a better performance than the side carriers (1| and
A3). One possible explanation for that behavior is the lack of symmetry, caused by
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Fig. 13 Scheme for the all-optical FFT/IFFT/FFT processing of a four-subcarrier O-OFDM, as
configured in a simulation pallet (Adapted from [26])

the absence of the fourth subcarrier, in the four-order OFFT implemented. Figure 12
also illustrates the constellation diagrams of the received carriers for the OSNR equal
to 6 dB. Again, we can note the degradation of the dropped carriers when using the
narrower filtering (15 GHz) [26].

4.4 Optical FFT/IFFT Simulated Demonstration

To validate the simulated results, a setup (Fig. 13) similar to the experiment was con-
figured in a simulator (Optisystem 13.2). As the optical devices used in the experiment
present a higher insertion loss, they required the use of optical amplifiers that could
be avoided in the simulation but special care was taken to control the OSNR level.
For the calibration, we used only one stage of DI and replaced the second stage by
a Gaussian OBPF with (25 and 15 GHz).

As in the experiment, the best results were obtained for Af =25 GHz. Therefore,
the results presented are all related to this bandwidth. We used a standard QPSK
coherent receiver and DSP. At the receiver input, a block called “OSNR controller”
was implemented to keep the OSNR at the same level of the experiment. However,
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the OFFT and b a complete O-OFDM signal processing (dropping and adding) using the proposed
all-optical FFT/IFFT interferometric technique in the simulation setup (Adapted from [26])

as expected, simulated results showed best performance and they did not take into
account the unstable behavior of the experimental interferometers. All considered a
comparison between experiment and simulation for the OFFT functionality shows a
reasonable agreement for BER values up to ~10~'? (Fig. 14) [26].

Once validated, the pallet was adapted to include all DI stages, i.e., three stages
wherein the first the delay is 7/2. At one of its two outputs, a delay of 7/4 was applied
and combined with a phase shift of /2, as indicated in Fig. 13. The N = 4 OFFT
was then able to separate four subcarriers: X and X, (the even subcarriers) and X
and X3 (the odd ones). After the second DI stage, the four subcarriers were finally
separated. For the next processing step (gate), we used electro-absorber modulators
to sample each carrier. After that, the optical IFFT (similar to the optical FFT but
with a reversed order of processing) was implemented. This whole procedure corre-
sponds to the dropping and adding functionalities as it happens in an add/drop node.
At the receiver, another optical IFFT was used for subcarrier selection, also tuned
by the local oscillator laser. To complete the data assessment, a DSP analyzed the
constellations and calculated the BER. The OSNR controller comprises an optical
amplifier (to add noise) and an optical coupler.

The results for the four carriers, after being dropped, reinserted and received,
are shown in Fig. 14 and their good BER versus OSNR behavior in a back-to-back
configuration demonstrate the feasibility of the proposed technique applied to the
O-OFDM signal processing [26].

5 Synchronization and Clock Recovery

Clock synchronization is another key step for implementing the O-OFDM technique
and that can, in principle, be accomplished in two ways: asynchronously or syn-
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chronously [66]. In the first, a received signal is used as a reference for detecting an
offset between the clocks at the transmitter and receiver. The offset is then processed
for further compensation, usually in a DSP. In a synchronous operation, the clock
signal is extracted from the received signal, being, therefore, synchronized with it.
Whenever coherent detection occurs, it is possible to use digital signal processing
for performing the clock-related operation but, more generically, wherever synchro-
nization is required, it may be more practical and costly if achieved in the optical
domain [66—-68]. For the O-OFDM approach, a challenge to be pointed out is that
no matter the chosen clock recovery method, it should also satisfy the requirements
of being simple, compact, easily integrated and low power consumer—that is not an
easy task.

The all-optical process that takes place at a node or at the receiver of an O-OFDM
superchannel system can be divided into steps. At first, the OFDM signal is demul-
tiplexed by an optical IFFT module and, after that, a bank of optical gates (electro-
absorption modulators, EAM) performs the time sampling of those subcarriers that
will be dropped or rerouted. The optical gates are synchronized to a common clock,
extracted from the superchannel. The availability of an analog clock is an important
resource for enabling functionalities such as synchronization, phase tracking, and
regeneration. One of the challenges in this particular part of the O-OFDM operation
is to provide the desired clock signal disregarding the modulation format being used.
In particular, for phase-modulated formats, recovering the clock from a signal is
tricky. Aiming at that goal, there have been many proposals in the literature, among
them, this section describes a method that exploits the all-optical signal processing
based on the nonlinear effect of four-wave mixing (FWM) [27, 28].

To illustrate the technique, Fig. 15 shows a scheme where the O-OFDM subcarriers
are spaced by Af and modulated with a QPSK data [27]. Initially, Af is filtered by
a narrow filter that selects two adjacent channels. Note that only two subcarriers are
necessary to recover the clock but, for simplicity, the entire superchannel could be
used. As the FWM will result after beating the signal and a pump, the use of only
two subcarriers minimizes the distance between the pump and signal. The filtered
signals and a continuous wave (cw) pump are then combined and injected into the
first stage of a SOA. As it takes place, the FWM gives rise to idlers, whose frequency
and phase are governed by [27]

h=2f—f
¢ = 2¢s — Py (10)

where f1 and ¢p are the frequency and phase of the idler, f and ¢ are the frequency
and phase of the signal, and f}, and ¢, are the frequency and phase of the pump.
The two idlers have double frequency spacing, 2Af, and double phase modulation
and are, by the process, converted into BPSK signals. These two generated BPSK
signals are selected by another filtering and injected into a second SOA, together
with a second pump. This second stage is equivalent to the first one, and hence the
phase information on the generated idlers is doubled again, converting the signals
into nonmodulated carriers spaced by 4 Af. Finally, these two idlers are filtered and
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Fig. 15 All-optical clock recovery for an optical OFDM QPSK-modulated technique (Adapted
from [27])

launched into a photodiode, where they beat with each other to produce a clock at
a frequency of 4Af. In the electrical domain, this clock is down-converted, thus
resulting in the original clock with frequency Af [27].

6 Final Discussion

To conclude, this section presents a schematic view that integrates the parts described
in the previous sections. In this way, it becomes possible to glimpse the transmission
and reception structures as well as a node architecture, which can serve as a reference
for an integrated photonic design aiming at overcoming the challenges for making
O-OFDM an economical and technically feasible alternative.

6.1 O-OFDM Node Architecture

Figure 16 shows a proposal for combining the OCG-, clock recovery-, gating-, and
optical FFT/IFFT- subsystems in a way to assemble an O-OFDM transmitter, an O-
OFDM Intermediate node (ROADM) and an O-OFDM receiver. These diagrams give
a better idea of how the subsystems can be integrated. Provided that it is guaranteed,
the integrated structure design must be driven by requirements of operation stability,
number of interconnections reduction and energy consumption optimization.
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As illustrated in Fig. 16, the transmitter module comprises an OCG stage, one
WSS, a modulation stage, and an OIFFT module (OIFFT 1). The WSS is used to
separate the comb lines before their individual equalization and modulation. After
that, the OIFFT module combines the mutually orthogonal subcarriers in order to
generate the O-OFDM stream (A).

At the intermediate node input, an optical switch may connect the arriving super-
channel to a WSS, for a sub-band selection, prior to the O-OFDM processing (B), or
directly to the O-OFDM node, for local processing of as many subcarriers as required
(D), or to bypass the intermediate node (O-OFDM node) by routing the whole data
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stream to a next node or to a receiver (E) in a way that the ROADM O-OFDM node
becomes transparent to the superchannel propagation.

The receiver stage comprises an OFFT module (OFFT-1) and individual coherent
receiver setups (Rx), synchronized by the clock recovery module, where the local
oscillator is provided by an OCG module.

If the O-OFDM stream is to be processed partially (C) or totally (D) at the inter-
mediate node, the function of local extraction (dropping of subcarriers) and insertion
(adding of subcarriers), controlled by a bank optical switches, may be performed
as indicated by the green arrows. For that operation, after the subcarriers’ separa-
tion, performed by the OFFT-2 module, a clock recovery module provides synchro-
nism to gates, modulators of locally generated subcarriers and receivers. Usually,
electro-absorption modulators perform the sampling operation (gates), necessary for
extraction of subcarriers. The OIFFT module (OIFFT 2) combines the subcarriers,
generated at the local OCG, which will be modulated and inserted into the travers-
ing O-OFDM superchannel. Note that the local OCG must be phase locked with
the O-OFDM entering the node and, for that, a phase reference may be used as
indicated. Alternatively, and for routing purposes, the optical switches may include
more WSS’s for band selection (at the input) and band recombination (at the output)
for dropping/adding or routing of subcarriers in a passband, while the remaining
subcarriers just traverse the node.

As it can be inferred from the proposed architecture and the description of its
modules presented in previous sections, there is still a long road in integrated pho-
tonics’ design to be crossed before reaching the cost-effective target. However, the
path is relatively clear and recent advances, especially in the design of waveguide
structures such as modulators, delay lines, and phase shifters, when integrated with
optoelectronic devices, point toward a promising near future for O-OFDM [63, 69].

6.2 A Few Remarks on Technical and Energy-Saving
Feasibility

No matter, if applied to O-OFDM or N-WDM, it will be always convenient to replace
high power consumption technologies (based, for instance, on high-speed digital sig-
nal processing) by all-optical signal processing techniques that represents a poten-
tially energy-efficient alternative to their electronic counterpart either for N-WDM
of O-OFDM. For this reason only, the research on all-optical signal processing is
justifiable, especially when applied for also enhancing the spectral efficiency. That is
the context for developing all-optical OFDM technology because it employs a great
number of passive devices, such as optical delay lines, optical phase shifters, opti-
cal filters, and optical couplers, usually connected in interferometric configurations.
The research on this area has been carried out by many groups that report different
designs including such elements. Usually, the designs are based on silica planer light-
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Fig. 17 Example of an equivalent circuit for an electro-optical modulator combined with a resistive
load and b capacitive load (Adapted from [75])

wave circuit (PLC) and must fulfil requirements that go beyond the device operation
[31-35, 69].

Particularly, for photonic modulators, which seem to be the core devices for the
optical OFDM implementation, the electrical energy consumption to operate the
modulator is a critical issue. As related in [70], the power required to operate the
device increases with the modulation frequency, and can be measured by the ratio of
the operating power per bandwidth unit. Usually, this figure of merit is expressed in
watts per hertz [70] or in joule per bit [71]. Energy efficiency has been emphasized
in recent years as one of the most important metrics of interfaces involving photonic
circuits and electronic circuits. By verifying the state of the art in photonic devices,
studies show that the best alternative for energy consumption is focused on electro-
optic (EO) modulators, as can be seen in [72—74]. The energy consumption of an EO
modulator depends on the physical properties of the phase shifters and the electronic
design of the driving circuits. Figure 17 shows two examples of equivalent circuits
used to measure the power consumption in electro-optical modulators.

Conventionally, some modulators are designed as traveling wave devices, which
have 50 €2 input impedance (r;) combined with 50 €2 impedance of the transmission
line and RF cables (Z1), in order to achieve maximum power transfer to the transmis-
sion line (see Fig. 17a). In this case, the driving voltage (V) is only half the voltage
of the open circuit source (V). Therefore, for a simple OOK modulation format, for
example, the energy consumption per bit (Ey;;, r) in the modulator can be estimated
by considering the energy dissipation in the load resistor (Ry) during a bit duration
slot (T'wi) [75]-

2
VD X Tbil

4Ry, an

Evirr =

Thus, if we consider Vp = 1V, R, = 50 L, a bit rate of 10 Gb/s and a bit duration
equal to 100 ps, for example, the energy consumption per bit will be 500 fJ/bit [75].
On the other hand, according to Koos et al. [75], this energy consumption can be
reduced by using silicon—organic hybrid (SOH) modulators, since the phase shifters
of these structures can be manufactured in much smaller dimensions than devices
based on the free-carriers dispersion. As a consequence, the length of the SOH mod-
ulators phase shifters can be short compared to the RF wavelength of the modulation
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signal, so that the device does not need to be designed in a traveling wave config-
uration combined with impedance. Assuming that the electronic driver circuits can
be integrated in close proximity so that the circuit power lines can be kept short and
the impedance is not required, these modulators (SOH) can be operated by purely
capacitive loads, as shown by Fig. 17b.

Considering a SOH modulator operating below its cutoff frequency (f. =
1/2mr;C), the driving voltage reaches a permanent state value equivalent to Vp =
Vo. Thus, the energy consumption will be related to the energy dissipation in the
resistor r; during the charging and the discharge of the capacitor (C). For a NRZ-
OOK modulation format, for example, the power consumption per bit (E;, ¢) in this
modulators class is given by [75]

VixC
4

Eviic = 12)

Considering Vp = 1 V and a phase shifter of 500 pwm, which has capacitance
of 200 fF, for example, the energy consumption per bit (Ey;, ¢) can be estimated
at 50 fJ/bit. Note that, when compared to the value of the previous traveling wave
example, this value is 10 times lower in magnitude [75].

To illustrate a design of integrated photonics applied to the optical OFDM opera-
tion, Fig. 18 shows an all-optical eight-channel OFDM demultiplexer (O-FFT) based
on an integrated silicon-on-insulator (SOI) technique using PLC implemented by Hai
Yuet al. [76]. Basically, the structure combines three-stage cascaded MZIs, and adja-
cent stages of the MZIs are connected by a directional coupler. The differential path
length of each stage MZI is designed in a way that the first stage has the longest
length, the second stage has a length half of that of the first stage and the third stage
has a length half of that of the second stage. On one arm of each stage MZI, there is a
phase shifter, which is used to tune the phase difference between the two arms. With
the specific phase difference on each stage MZIs as shown, the eight channel outputs
would be the demultiplexed OFDM signal in eight different subcarriers. More details
on the design, fabrication and performance of the device may be found at [76].

In summary, we started the chapter with the premise that it should be possible
to relate O-OFDM and N-WDM in a fairer comparison basis that assumes that
both techniques can be implemented with similar technologies that would allow an
evaluation of circuitry complexity and its associated energy consumption for both
cases. Before this accurate comparison becomes possible, however, some challenges
have yet to be overcome and we believe that the evolution of PLC design to integrate
passive optical components and optoelectronic devices will soon allow surpassing
most of these obstacles. Furthermore, regardless the integration challenging aspect,
some subsystems still require a conceptual improvement in the sense of reducing
complexity (that will also lead to reduced energy consumption). In this sense, an
example of a technique that still requires improvement is the clock recovery. In some
approaches, it may demand the use of one or two pumping lasers (and, in some cases,
additional EDFAs) associated with SOAs to guarantee the power levels necessary
for providing an efficient FWM process.
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Fig. 18 Optical FFT structure (DEMUX) based on a three-stage MZI implemented on integrated
SOI by Yu et al. (Adapted from [76])

In spite of challenges yet to be faced, the spectral efficiency, the potentiality for
reducing the energy consumption and for tolerating linear fiber impairments, such
as those induced by chromatic dispersion (CD) and polarization mode dispersion
(PMD), continue to guarantee to O-OFDM a place of relevance in the group of
technologies for very high capacity systems.
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