384

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 30, NO. 4, FEBRUARY 15, 2012

OFDM for Next-Generation Optical Access Networks

Neda Cvijetic, Member, IEEE

(Invited Tutorial)

Abstract—In this tutorial overview, the principles, advantages,
challenges, and practical requirements of optical orthogonal
frequency division multiplexing (OFDM)-based optical access are
presented, with an emphasis on orthogonal frequency division
multiple access (OFDMA) for application in next-generation
passive optical networks (PON). General OFDM principles,
including orthogonality, cyclic prefix use, frequency-domain
equalization, and multiuser OFDMA are summarized, followed
by an overview of various optical OFDM(A) transceiver archi-
tectures for next-generation PON. Functional requirements are
outlined for high-speed digital signal processors (DSP) and data
converters in OFDMA-PON. A techno-economic outlook for such
a “software-defined,” DSP-based optical access platform is also
provided.

Index Terms—Digital signal processing (DSP), optical access,
optical communication, orthogonal frequency division multi-
plexing (OFDM), orthogonal frequency division multiple access
(OFDMA), passive optical network (PON).

I. INTRODUCTION

N recent years, optical orthogonal frequency division mul-

tiplexing (OFDM) has emerged as a dominant R&D area
in the field of high-speed optical communications [1]-[15].
Fundamentally, OFDM is an elegant “divide-and-conquer”
approach to high-speed transmission, in which high aggregate
data rates are achieved by parallel transmission of partially
overlapped (i.e., spectrally efficient), lower rate frequency-do-
main tributaries. OFDM dates back to the 1960s [16], [17],
and owing in large part to the transformational advent of
large-scale integrated digital technologies, OFDM has since
been adopted in an impressive set of high-impact applica-
tions. These include high-end digital subscriber lines, digital
and high-definition television broadcasting, as well as wire-
less broadband applications ranging from wireless local area
networks such as IEEE 802.11a/g and IEEE 802.16, to 4G
long-term evolution (LTE)-based cellular systems [1], [17].
OFDM has also been explored for power line communications
[18] and cognitive radio systems [19], as well as free-space
optical [20]-[22] and multimode fiber transmission [8], [23].
And, despite the apparent heterogeneity in the aforementioned
application domains, there is an underlying common factor
which renders OFDM compelling in each case—namely, the
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need for high-speed transmission over a bandwidth-constrained
physical medium with inherent linear distortions that must be
efficiently corrected (equalized).

That the case of fiber-optic transmission should fit in this
category is in itself a dramatic departure from the historical
modus operandi, wherein fiber bandwidth was regarded as a vir-
tually inexhaustible resource and transmission speeds were suf-
ficiently low to render linear distortion effects sufficiently negli-
gible. However, with the explosive, multimedia-driven growth
of Internet traffic [24], it became evident that: 1) unless fiber
bandwidth was used more efficiently, the operational spectrum
range of optical amplifiers would be exceeded [25], [26]; and
2) that the fiber channel itself imposes fundamental capacity
limits [27]. These vital considerations first made the high-profile
case for optical OFDM (O-OFDM) in the context of spectrally
efficient, next-generation 100 Gb/s/A long-haul fiber transmis-
sion [4], [9], [28]. Excellent O-OFDM performance was subse-
quently demonstrated in a variety of notable experiments—cur-
rently, 1.2 [13], 101.7 [14], and 26 Tb/s [15] mark the aggre-
gate data rate records of noncoherent O-OFDM, coherent op-
tical OFDM (CO-OFDM), and all-optical OFDM (AO-OFDM),
respectively.

However, as 100 Gb/s/A long-haul fiber transmission sys-
tems move closer to commercial reality, single-carrier (SC)
quadrature phase shift keying (QPSK), the special case of
M -ary quadrature amplitude modulation (QAM) with M = 4,
leads multicarrier OFDM as the underlying modulation format
of choice [29]-[31]. While open to some debate, it appears
that this is to be attributed to an attractive transmitter-side
simplicity of QPSK, as well as its superior performance in
the presence of periodic fiber dispersion maps [32], [33]. In
any case, with long-haul, point-to-point fiber transmission
having been the first prominent avenue for O-OFDM, these
indications inadvertently beg the question of whether the “SC
versus O-OFDM” debate has been settled in general. In other
words, is the 100 Gb/s/\ long-haul case representative of future
fiber-optic systems at large, or does OFDM have particular
advantages in other application domains, including optical
access?

In the context of next-generation optical access, the case for
OFDM is based both on the access network “capacity crunch”
driven by digital video traffic, mobile backhaul, in-home net-
working, etc. [13], and, equally importantly, on a point-to-mul-
tipoint network topology that is unique to this fiber-optic
application domain [34]. Specifically, with point-to-multipoint
passive optical networks (PON) accounting for the vast ma-
jority of global fiber-to-the-home (FTTH) deployments, and the
number of worldwide FTTH subscribers projected to reach 100
million by 2013 [35], the PON architecture will undoubtedly
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play a significant role in future optical access. Furthermore, in
terms of topology, a direct analogy may be drawn between the
PON—consisting of a centralized optical line terminal (OLT)
communicating with remote, user-side optical network units
(ONUs) over a feeder fiber terminated by a passive optical
split—and a wireless base station managing mobile terminals
over a fixed radio frequency (RF) channel [36]. In both cases,
the bandwidth resources are shared by multiple users, which
access the broadcast channel in a centrally controlled fashion.
Consequently, in PON-based access, the importance of the
OFDM “divide-and-conquer” approach encompasses both the
physical and the medium access control (MAC) layers: OFDM
tributaries (i.e., subcarriers) are beneficial both because they
enable efficient spectrum use and equalization, and because
they can be used as transparent, finely granular resources for dy-
namic, multiuser bandwidth access. The latter concept, known
as orthogonal frequency division multiple access (OFDMA),
is widely adopted in OFDM-based wireless networks [17],
[36] and presents a unique advantage for future PON systems.
Specifically, the highly bursty traffic profile in PON, combined
with a drive towards multi-service coexistence on a single
platform, would make flexible, transparent inter user and/or
service bandwidth sharing a premium [34].

In addition to dynamic bandwidth assignment, next-genera-
tion PON systems are also envisioned to address an aggressive
set of service and network drivers [35], [37]-[39]. These
include 40" Gb/s and 10" Gb/s aggregate downstream/up-
stream data rates over target reaches up to 100 km, with up to
1000 ONUs serviced by a given optical distribution network
(ODN). Increases in the target reach and split ratios are also
motivated by potential reductions in capital and operational
expenses (CAPEX/OPEX) via node and network consolidation.
Furthermore, to capitalize on significant fiber infrastructure
investments, maximal reuse of the deployed ODN with passive
optical splitters has been identified as highly desirable. Finally,
colorless (i.e., wavelength agnostic) ONU-side operation,
energy efficiency, open multioperator access, and, of course,
low cost, are also among the foremost considerations.

To satisfy the requirements of future PON systems, several
multiple-access candidate technologies have been proposed,
including time division multiple access (TDMA)-PON, wave-
length division multiplexed (WDM)-PON, OFDMA-PON,
code division multiple access PON, as well as various hybrid
options, formed from one or more of the aforementioned
constituent technologies [10], [13], [40]-[44]. While entirely
amenable to hybrid operation with both WDM and TDMA
overlays, the distinguishing feature of OFDMA-based PON is
a pronounced reliance on electronic digital signal processing
(DSP) to tackle the key performance and cost challenges
[45]. OFDMA-PON thus essentially extends the trend of
“software-defined” (DSP-based) optical communications to
next-generation optical access. Under this paradigm, perfor-
mance gains hinge on powerful, yet computationally efficient
algorithms tailored to the PON environment, while cost effi-
ciency is enabled by the reuse of legacy fiber, mature optics,
and a silicon DSP platform that can be cost-efficiently mass
produced. The resulting volume-driven cost profile is indeed
the target regime for any technology candidate in this space.

In this paper, a tutorial overview of OFDM-based optical
access is presented, covering technology principles and recent
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Fig. 1. Frequency-domain spectra for (a) SC, (b) FDM, and (c) OFDM signals.

progress, different future PON application scenarios and trade-
offs, technology trends for high-speed DSP-based enabling
technologies, as well as a techno-economic outlook for practical
deployments. The rest of this paper is organized as follows.
Section II presents a review of general OFDM principles—in-
cluding orthogonality-enabled spectral efficiency, fast Fourier
transform (FFT)-based digital implementation, the use of the
cyclic prefix (CP), single-tap frequency-domain equalization
(FDE), and OFDM extension to OFDMA. A system-level
comparison is also made between SC transmission with FDE
and OFDM in terms of potential application in next-gener-
ation optical access. In Section III, three dominant variants
of O-OFDM are surveyed, including O-OFDM produced by
optical modulation with direct detection (IM/DD), CO-OFDM
generated by optical modulation with coherent detection, and
AO-OFDM with all-optical field modulation and coherent
detection. The tradeoffs between resulting architectures are
discussed in light of key requirements for future PON systems.
Section III outlines the principles and challenges specific to
OFDMA-based PON, including the OFDMA-PON-enabled
performance benefits, a summary of the various flavors of
optical OFDMA for PON applications, as well as a discus-
sion of important challenges and potential solutions for both
downstream and upstream OFDMA-PON transmission. A
summary of research advances in the field is provided in
Section IV. In Section V, technology requirements for a prac-
tical OFDMA-PON implementation are outlined, with a focus
on high-speed analog-to-digital and digital-to-analog converter
(ADC/DAC) and DSP technologies. A cost-profile analysis for
DSP-based access is also included in Section V. Section VI
summarizes and concludes this paper.

II. SC VERsUS FDM VERSUS OFDM

While OFDM theory is extensive, a compact, intuitive
understanding may be gained by contrasting OFDM with SC
transmission and conventional frequency division multiplexing
(FDM). As shown in Fig. 1, the same overall data rate can
be achieved either by serial SC transmission over a broad
frequency spectrum, or by parallel transmission on multiple,
narrowband spectral tributaries, i.e., via FDM. (It is noted that if
the FDM subcarrier frequencies were replaced by wavelengths,
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a traditional WDM setup would be obtained.) However, at
very high symbol rates, the SC approach mandates such short
symbol times 7" that, in any nonideal linear channel, symbols
will inevitably become lengthened by the convolution with the
channel’s nonideal impulse response. The resulting symbol
spreading is referred to as dispersion. Dispersion extends data
symbols beyond their designated slot and into adjacent symbol
times, producing intersymbol interference (ISI) that must be
equalized at the receiver. ISI effects moreover worsen with
shorter 7" because a given symbol is spread over more and more
adjacent symbols, and increasingly complicated receiver-side
equalizers (i.e., filters) with a high number of taps (i.e., coef-
ficients) are needed.

The advantage of the “parallelized” FDM approach is that
the symbols on the narrowband tributaries, or subcarriers, have
longer durations, making them less vulnerable to linear distor-
tion effects that increase with the symbol rate, such as chromatic
dispersion (CD). This principle is also related to time-frequency
duality: i.e., the narrower a signal is in frequency, the wider (i.e.,
longer) it is in time. Consequently, the channel delay (e.g., wire-
less multipath delay spread, CD-induced delay, etc.) becomes a
small fraction of the symbol time, 7. As a result, ISI will af-
fect at most one symbol, such that the channel response over
each narrowband subcarrier can be approximated as having a
constant amplitude and phase. Data symbols can then be recov-
ered via one-tap (i.e., single coefficient) FDE. The tradeoff for
this benefit is a loss in spectral efficiency due to the insertion of
non-data-carrying spectral guard bands, A f, which are needed
to separate the FDM subcarriers and prevent interference that
would otherwise arise from any frequency-domain subcarrier
overlap.

A. OFDM

The reason why OFDM boasts a spectral efficiency advan-
tage over conventional FDM is precisely that it eliminates the
spectral guard bands A f by invoking the principle of orthogo-
nality. (Since multilevel modulation, such as M -ary QAM, can
be used in SC, FDM, and OFDM, it is not in itself the reason
behind OFDM spectral efficiency.) Orthogonality, in turn, can
be achieved by judicious selection of the subcarrier frequencies,
fam =0,1,2,..., N — 1. For example, let us assume that f;
is a sinusoidal carrier that has been modulated with a complex
QAM symbol, Ay — 73, where the exact values of 4; and I3;
will depend on the selected QAM constellation. For 16-QAM,
for example, Ay € {+1,+3} and yBy € {£15, £35}. As such,
s1(t) can be expressed as

81(f>

wherein the first and second terms, respectively, denote the
in-phase and quadrature portions of the signal, produced by
the complex nature of M-ary QAM signaling. To now ensure
orthogonality between s1(#) and sa(t), where so(t) is the
QAM-modulated signal on subcarrier fo, it must be the case
that

= Aj cos(2w f11) — By sin(2r f11) €))

T
Sl(t)SQ(t)dt =0. (2)
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Fig. 2. OFDM(A) spectrum with four orthogonal subcarriers.

Moreover, to generate an OFDM signal, the orthogonality con-
dition of (2) must hold for all s,,(¢)$,,(t),n = 0,1,2,... N —
1,m = 0.1,2,...N — 1,n # m. An elegant way to meet
this requirement is to define the subcarrier frequencies as in-
teger multiples (i.e., harmonics) over the symbol time 1" as

§ n
f’n ==+ fRF.v

T n=0,12,...,N -1 3)

In (3), the term frF indicates that the orthogonal subcarrier band
may also be upconverted to a different radio frequency (RF);
the special case frr = 0 is, in fact, the distinguishing feature
between discrete multitone modulation and OFDM. By substi-
tuting (1) into (2) for all s,,(t)s(f),n # m, and exploiting
trigonometric identities, it can readily be shown that all N sub-
carriers will indeed be orthogonal to each other, and can thus oc-
cupy the same frequency space without interfering. This result
can also be appreciated by recalling that the analog-domain im-
plementation of the optimal (maximum likelihood) receiver in
additive white Gaussian noise will essentially perform the cor-
relation of (2) for all combinations of s, (¢)s,, (), and that its
output at the optimal sampling time ¢ = 7" will, in the absence of
time/frequency synchronization errors, either equal zero (when
n # m) or be equal to the energy of the QAM symbol on the
nth subcarrier (when n = m) [46]. Consequently, owing to the
orthogonality principle, all N OFDM subcarriers can partially
overlap in frequency without interfering.

Combining (1) and (3), the complete electrical OFDM signal
may be expressed as

N-1

Z Ang(t)cos(2m fnt) — B

n=0

ng(t) sin(2m frt)
4)

éOFD\I

where g(¢) denotes the impulse response of any baseband pulse-
shaping filter that might be used; the simplest choice is the rect-
angular pulse given by g(t) = 1,0 < ¢ < T, and zero else-
where, which produces the aggregate spectrum of Fig. 2. How-
ever, from (4), a practical OFDM implementation difficulty be-
comes apparent: for an OFDM signal with N = 256 subcarriers,
for example, directly implementing (4) would require an array
of 255 synchronized analog oscillators at both the transmitter
and receiver sides. Fortunately, most of (4) can in fact be done
digitally. To observe this, we rewrite (4) as

sorpu(t) = R {3orpm(t)e’*™r !} (%)
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Fig. 3. Block diagram of a generic OFDM communication system.

where

N-1

Sorpm(t) = Z (A, — jB,)e?>™ T, (6)
n=0

From (5) and (6), we note that if (6) can be generated efficiently,
producing (5) becomes a simple task, requiring just one oscil-
lator operating at frp. Converting (6) to the digital domain by
sampling (6) at times ¥ = kT /N, where the discrete time index
is defined by £ = 1,2, 3, ..., we obtain

N—-1
§[kl =" (Ank — 5By k)N (7)

n=0

We now observe that, by definition, at each discrete time, £,
(7) is in fact the inverse discrete Fourier transform of the com-
plex QAM symbols, A,, . — 7B, &, over the N OFDM sub-
carriers, which can be implemented using the highly efficient
inverse fast Fourier transform (IFFT) algorithm. The IFFT and
the FFT, therefore, become the baseband OFDM modulator and
demodulator, respectively. In other words, (7) states that if we
pick any N frequency-domain complex QAM data symbols
and take their V-point IFFT, we will get the sampled time-do-
main version of the corresponding NV -subcarrier OFDM signal.
Digital-to-analog conversion and upconversion to frr using a
single analog oscillator then complete the RF OFDM signal gen-
eration in (5).

The full sequence of operations performed to produce and
receive an electrical OFDM signal is illustrated in Fig. 3; as
shown in Fig. 3, to recover the transmitted data, the transmitter-
side order of operations is simply reversed. Finally, the transi-
tion from OFDM to OFDMA is accomplished by treating each
OFDM subcarrier as an independent bandwidth resource, which

can be assigned to different users (see Fig. 2). Multiple users
can thus be accommodated by the OFDM-enabled partitioning
of the available frequency spectrum.

B. CP and Single-Tap Equalization

Fig. 3 also illustrates the use of the cyclic prefix (CP) to
combat ISI in OFDM and enable efficient N -subcarrier FDE.
CP insertion consists of prepending some predefined tail-end
portion of an OFDM data frame to its beginning, as shown in
Fig. 4. Consequently, the frame begins and ends the same way,
acquiring a “cyclic” quality. As long as the CP is at least as
long as the dispersive delay of the channel, the CP, rather than
the front-end data symbols, will absorb any residual symbol
spreading (i.e., ISI). From this perspective, it is only the CP
length that matters: the CP content could even be a silent in-
terval. However, the beauty of the CP content as illustrated in
Fig. 4 is that it turns the channel’s time-domain dispersive effect
from a linear convolution into a cyclic convolution, such that no
matter how long the impulse response becomes, as long as the
CP is as long, data symbols can still be recovered via single-tap
equalization in the frequency domain. This is very important
because the computational complexity of single-tap FDE scales
logarithmically: N log, N + N multiplications are needed per
N symbols. By stark contrast, equivalent time-domain equal-
ization scales exponentially: N2 multiplications are needed to
accomplish the same task in the time domain. The tradeoff for
the computational efficiency gain is the time-domain overhead
introduced by the CP [see Fig. 4(c)], which reduces the net data
rate. To minimize this penalty, larger FFT sizes can be used,
such that the CP-appended symbols make up a small fraction of
the total OFDM frame.

By correlation techniques, the CP can also be used to deter-
mine the beginning and ending of each data frame, which is
crucial in properly aligning the receiver-side FFT window, and
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Fig.4. OFDM symbol transmission in (a) ideal, nondispersive channel, (b) dis-
persive channel without CP insertion, resulting in ISI, and (c) dispersive channel
with CP insertion used to eliminate ISI.

enabling ISI-free and intercarrier interference (ICI)-free oper-
ation [1]. Although by the orthogonality property the OFDM
subcarriers can spectrally coexist without interference, nonethe-
less, due to their tight spectral packing, this delicate balance can
be upset even by relatively small frequency synchronization or
sample timing errors, and/or phase noise, resulting in ICI. This
is particularly true for rectangular baseband pulse shaping that
results in |sin(z)/x|? subcarrier spectra with nonnegligible side
lobes that extend over a broad spectral range (see Fig. 2). To re-
duce ICT sensitivity, a different pulse shaping filter g(t) such
as the raised cosine, can be used instead, to better confine the
OFDM subcarrier spectral lobes.

To summarize, we can say that the key idea of OFDM is
to realize high aggregate data rates through parallel symbol
transmission on many narrowband orthogonal subcarriers.
By orthogonality, the OFDM subcarrier spectra can partially
overlap without interfering, which increases the spectral
efficiency compared to conventional FDM. Moreover, the
longer time-domain symbol durations and the use of the CP
enable high resistance to linear dispersion, while an efficient
DSP-based implementation can be realized with the FFT/IFFT.
Finally, a natural extension to a multiuser access environment
can be made through the OFDMA concept. These key advan-
tages have propelled OFDM(A) into an array of high-speed
transmission applications, and can all be exploited in fiber-optic
communication as well.

C. SC With FDE Versus OFDM

As any other technology, OFDM also comes with a set of
disadvantages, the foremost of these being high sensitivity
to time/frequency synchronization errors and phase noise, as
well as a high peak to average power ratio (PAPR). The PAPR
problem arises from the fact that the sinusoidal signals from
many OFDM subcarriers can occasionally constructively add
in the time domain, producing sharp amplitude peaks that are
significantly higher than the average amplitude value of the
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signal. This can put a large strain on RF amplifiers, such that
either costly devices and/or a power back-off become necessary
to ensure linear operation. In optical transmission, a high PAPR
has also been shown to potentially increase the vulnerability of
the OFDM signal-to-fiber nonlinearity [32], [47]. In SC (e.g.,
QPSK) transmission with FDE, however, the PAPR problem
can be avoided while maintaining the FDE benefits enjoyed by
OFDM. Which of these two approaches might thus be better
suited for next-generation optical access?

Fig. 5 illustrates a system-level comparison between SC-FDE
[see Fig. 5(a)] and OFDM [see Fig. 5(b)] for the case of M -ary
QAM signaling. It can be observed that the main difference be-
tween the two approaches is the location of the IFFT, which in
the case of SC-FDE, is moved to the receiver; the CP require-
ments and computational complexity are unchanged. However,
in the case of future PON access, the absence of the transmitter-
side IFFT prevents granular frequency-domain bandwidth parti-
tioning for multiuser access. Consequently, a high-speed, time-
domain bandwidth-sharing technique would be necessary, the
complexity of which could prove prohibitive at very high data
rates. Moreover, in PON systems, it is desirable to centralize
complexity as much as possible by moving it out of the ONUs
and over to the OLT side. In this way, the cost of an intelligent
OLT can be amortized over a large number of simpler, cost-effi-
cient ONUs. The PAPR challenge of OFDM in next-generation
optical access is also alleviated by the relatively short transmis-
sion distances of PON systems (<100 km), which are about an
order of magnitude lower compared to long-haul applications
(>1000 km). Finally, OFDM flexibility, enabled by a digital
transmitter-side platform, could be viewed as another impor-
tant advantage, as has been observed in earlier applications for
which the SC-FDE versus OFDM debate was relevant [17].

III. OrTicAL OFDM(A)

An unmodulated, continuous wave (CW) optical carrier
signal offers several options, or dimensions, for data modula-
tion: its amplitude, phase, frequency, polarization, intensity,
or a combination thereof can be modulated. Depending on the
choice of the modulation dimension(s) at the transmitter, dif-
ferent receiver side detection schemes become possible as well.
Bringing OFDM(A) into the optical domain thus generates
several new transmitter and receiver architectures compared to
purely electronic and/or RF OFDM(A). In this section, three
prominent modulation/detection combinations for O-OFDM
will be overviewed, with a focus on the resulting transmitter
and receiver side architectures. These include optical (intensity
or field) modulation with IM/DD, which we will refer to as
optical OFDM (O-OFDM), optical modulation with coherent
detection, referred to as CO-OFDM, and all-optical field mod-
ulation with coherent detection, termed AO-OFDM. Particular
emphasis will be placed on implementation aspects that are
of unique importance to next-generation optical access. The
different flavors of optical OFDMA will also be discussed
and classified according to their specific bandwidth sharing
mechanisms.

A. O-OFDM: Optical Modulation With Direct Detection

Fig. 6(a) illustrates an O-OFDM system; the functional
blocks that may vary with transceiver design are denoted by
dashed lines. As shown in Fig. 6(a), the OFDM signal is first
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Fig. 6. Block diagram of three variants of O-OFDM. (a) O-OFDM using opt

ical modulation (OM) with direct detection (DD). (b) CO-OFDM using optical

modulation with coherent detection. (c) AO-OFDM using an optical IFFT and coherent detection. Functional blocks that may or may not be needed depending on
transceiver design are denoted by dashed rectangles. (Tx= transmitter; Rx = receiver; OSSB = optical single sideband; AWG = arrayed waveguide grating).

formed in the electronic domain, using the digital transmitter.
Direct-to-RF upconversion may be implemented using a broad-
band DAC, or a conventional analog RF front-end architecture
may also be used, as shown in Fig. 3. For optical modulation,
a CW laser and either an intensity modulator (IM) or optical
in-phase/quadrature (I/Q) modulator can be used to convert the
RF OFDM signal into the optical domain. A directly modulated
laser can also be exploited, as in [10] and [48]. The main
difference between IM and I/Q modulator use is that the latter
directly generates an optical single sideband (OSSB) signal;
a separate OSSB filter, such as an optical bandpass filter or
interleaver, would thus only be needed if an IM is used.

In the IM case, a signal with optical intensity that is linearly
proportional to sorpnm(£) is produced. Because optical inten-
sity is a real, strictly nonnegative quantity, to prevent distortion,
the RF OFDM signal soppn(f) must be both real and posi-

tive. To generate a real signal, electrical in-phase and quadra-
ture (I/Q) multiplexing can be performed, or Hermitian (conju-
gate) symmetry can be enforced at the IFFT output. The main
practical advantage of Hermitian symmetry is that, since nei-
ther electrical nor optical I/Q multiplexing is needed, there will
be no transmitter or receiver side I/Q imbalances in the system;
with all other I/Q multiplexing and demultiplexing methods, this
imbalance can be an important practical issue. For more infor-
mation on I/Q imbalance compensation, the reader is referred
to [1], [4]. On the other hand, since Hermitian symmetry re-
quires discarding the second half of the symbol frame and re-
placing it with the complex conjugate of the first half, it comes
at the expense halving the total data rate. Furthermore, to en-
sure that soppa(t) > 0, a sufficiently large dc bias must be
added to the RF OFDM signal, such that the IM operates at
its quadrature point. As a result, much of the optical power in
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the O-OFDM signal will be contained in the transmitted op-
tical carrier, rather than the OFDM signal, increasing the vul-
nerability of the O-OFDM signal to optical signal-to-noise-ratio
(OSNR) degradations. Moreover, as an optical intensity replica
of its RF counterpart, the O-OFDM signal will exhibit high
PAPR, which can pose a challenge in the presence of fiber non-
linearity. Different types of signal clipping techniques have thus
been proposed to reduce PAPR in O-OFDM [1]. It has also
been shown that O-OFDM performance can be optimized by
equally dividing the optical power between the optical carrier
and O-OFDM sideband [5], [7].

Fig. 6(a) also illustrates that, prior to fiber-optic transmission,
an OSSB O-OFDM signal must be produced. This is done in
order to reduce the required transmission bandwidth and to
prevent CD-induced power fading that would occur upon direct
detection (DD) of a double-sideband (DSB) O-OFDM signal.
Specifically, in the presence of CD, the two optical sidebands
of a DSB signal experience opposite phase shifts, but maintain
equal magnitudes [49]. Upon DD, the opposite phase shifts
would result in destructive interference, i.e., irrecoverable
power fading. With OSSB O-OFDM, however, the CD effect
reduces to a linear phase shift that can be readily corrected
using the CP and FDE techniques described earlier.

After DD with a photodiode, due to incoherent mixing, the
output signal will contain both the desirable carrier x sideband
RF beating term, and an undesirable sideband x sideband
mixing term. This undesirable product will spectrally extend
from dc to fn_1, the highest baseband OFDM subcarrier fre-
quency. Consequently, frr must be sufficiently high to create
a frequency guard band between the desirable and undesirable
mixing terms [7], [50]. In this way, performance degradation
due to noncoherent detection can be avoided at the expense of
a reduction in spectral efficiency.

In terms of next-generation optical access, the optical-domain
simplicity of the IM/DD O-OFDM and its reliance on mature
optics render it most attractive from a cost-efficiency standpoint.
The tradeoffs for this benefit compared to CO-OFDM include
higher transmitter-side power due to the mandate for a strong
optical carrier, as well as a reduction in spectral efficiency stem-
ming from the requirement for a frequency guard band that sep-
arates the “good” and “bad” mixing products at the DD receiver
output.

B. CO-OFDM: Optical Modulation With Coherent Detection

Unlike in O-OFDM, in CO-OFDM, the optical carrier does
not have to be transmitted along with the O-OFDM sideband;
a receiver-side local oscillator (LO) can be used instead. Con-
sequently, the transmitter-side optical carrier component in
CO-OFDM does not need to be as large as in O-OFDM, such
that more power can be allocated to the OFDM sideband. A
CO-OFDM signal can thus be made more resilient to OSNR
degradations. Moreover, since coherent detection enables the
linear capture of the full optical field [51], a frequency guard
band to isolate IMD effects is no longer needed. CO-OFDM
can thus have higher spectral efficiency than O-OFDM. Finally,
coherent detection increases receiver sensitivity, which, in the
context of optical access, can be exploited to increase PON
reach, ONU splitting ratios, or both.
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Fig. 6(b) illustrates a CO-OFDM system exploiting optical
modulation with coherent detection. Following the digital trans-
mitter (Tx), in the example architecture of Fig. 6(b), an analog
RF front-end (see Fig. 3) can be used for electrical I/Q multi-
plexing prior to optical modulation. As in O-OFDM, either an
I/Q modulator or an IM followed by an optical filter can be used
to produce an OSSB O-OFDM signal. It is noted that, in the
case of coherent detection, since optical phase information is
preserved and CD-induced power fading would thus no longer
occur with a DSB O-OFDM signal, the primary motivation for
OSSB transmission is a reduction in the required transmission
bandwidth. It is also noted that although coherent detection ob-
viates the need for a frequency guard band between the optical
carrier and the OFDM sideband, a low-frequency guard band
may still be needed if a discrete optical filter is used to generate
the OSSB signal, in order to accommodate limitations in the
sharpness of the filter passband edges. Following fiber trans-
mission, a CW LO laser, an optical hybrid, and dual photodi-
odes can be used for coherent reception of the OFDM signal,
with the resulting RF OFDM signal downconverted to baseband
and processed in the DSP receiver (Rx). Depending on the fre-
quency-domain placement of the LO, the receiver-side RF front
end can also be removed, enabling direct downconversion via
homodyne optical detection [52].

While the CO-OFDM approach presents several attractive
benefits, it also entails an increase in optics complexity and cost
compared to O-OFDM. Since this is particularly prominent at
the receiver side, it can be a challenge for future PON systems,
where the goal is to maximize the cost efficiency of ONU-side
hardware. The CO-OFDM approach is also more sensitive to
phase noise than O-OFDM. Effective DSP algorithms for phase
noise correction are thus a key requirement for CO-OFDM.

C. AO-OFDM: All-Optical Field Modulation With Coherent
Detection

An important commonality between the O-OFDM and
CO-OFDM approaches of Fig. 6(a) and (b) is that the IFFT
and FFT processing is accomplished exclusively in elec-
tronic DSP. The extension from OFDM to OFDMA in both
O-OFDM and CO-OFDM would thus be performed through
adaptive subcarrier assignment in a DSP-based control plane.
In the AO-OFDM method illustrated in Fig. 6(c), however,
the IFFT is done in an analog fashion directly in the optical
domain [12], [15]. As shown in Fig. 6(c), a comb of unmodu-
lated, phase-locked orthogonal subcarriers (i.e., tones) is first
produced by a tone generator, such as a pulsed laser or an
overdriven Mach—Zehnder modulator . The phase-locked tones
are then separated using an arrayed waveguide grating (AWG),
with an array of NV I/Q optical modulators used to individually
modulate each tone with baseband complex symbols, such
as M-ary QAM. Following the parallelized modulation, the
subcarriers are combined with another AWG and transmitted
over fiber. At the receiver, the tones are demultiplexed once
again, and processed in parallel by /V coherent receivers.

While the AO-OFDM approach has the nice feature of a
purely analog transmitter, its overall complexity, particularly
on the receiver side, is currently prohibitive for optical access.
Nonetheless, by exploiting the same set of receiver-side DSP
algorithms, AO-OFDM could prove attractive for smooth
upgrades of 100 Gb/s coherent long-haul systems [53], [54].
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D. Optical OFDM(A). . . in PON?

While flexible allocation of bandwidth resources is a com-
pelling goal for future core networks, for PON, it is a com-
pelling present-day reality; detrimental bandwidth idle times
and traffic imbalances already exist in current systems [38].
From a network perspective, future PON generations are en-
visioned to improve upon their predecessors in this regard, by
reducing both bandwidth idleness and improving real-time re-
sponse to changing demands. The appeal of OFDMA for PON
is that it can address these challenges by providing finely gran-
ular bandwidth “units” (i.e., subcarriers) that can span the en-
tire per-channel bandwidth; the limitations of the burst-mode
TDMA approach, for example, currently restrict the feasible
data rates to 10 Gb/s [55]. The wavelength-dedicated WDM ap-
proach, on the other hand, can restrict bandwidth granularity
and flexibility. Moreover, given that cost is a vital considera-
tion for optical access, it is desirable for emerging technologies
to enable both advanced features and cost efficiency, rather than
enable one at the expense of the other. From this perspective,
DSP-based (i.e., software-defined) operation of OFDMA-PON
targets both high performance and an attractive volume-driven
cost profile.

There exist multiple variants of optical OFDMA; these are
illustrated in Fig. 7. The simplest form, shown in Fig. 7(a), con-
sists of assigning different subcarriers from the same OFDM
band to different users (see Fig. 2). Adaptive bandwidth pro-
visioning is thus performed by changing the number of subcar-
riers allocated to a given user/service depending on the real-time
traffic demand. The resulting 1-D dynamic bandwidth allocation
scheme can be implemented in DSP via MAC layer algorithms
[34]. To achieve higher granularity and flexibility, each OFDM
subcarrier bandwidth resource can be further subdivided in time,
by combining 1-D OFDMA [see Fig. 7(a)] with classic TDMA,
as shown in Fig. 7(b). In the resulting 2-D OFDMA scheme (i.c.,
OFDMA+TDMA), multiple users can access the same OFDM
subcarrier in different time slots. As in 1-D OFDMA, the 2-D
OFDMA + TDMA approach can be implemented in DSP via
MAC layer protocols. Finally, by implementing the DSP-based
2-D OFDMA bandwidth scheduling of Fig. 7(b) on each of W
possible WDM wavelengths A;, A2, ..., Aw, a 3-D OFDMA
scheme (i.e., WDM + OFDM + TDM) can be achieved [see
Fig. 7(c)]. In this case, the first step of wavelength assignment
can be static, as is the case in conventional point-to-point WDM
systems, or dynamic, if tunable optical devices are available at
the ONU receivers. In either case, colorless (i.e., wavelength
agnostic) ONU-side optics are a key requirement. Following
wavelength assignment, OFDM subcarrier and TDM slot sched-
uling can be implemented in DSP, as discussed for Fig. 7(a) and
(b).

Which of the three possible variants of optical OFDMA is
selected can be regarded as a function of key network design
parameters. For example, the choice between one and 2-D
OFDMA depends on the desired bandwidth flexibility, as
well as the acceptable MAC layer complexity. Moreover, the
adoption of a WDM overlay [see Fig. 7(c)] can be viewed
as an effective approach to increase the aggregate capacity
and/or achieve access/metro network consolidation while
maintaining a last-mile passive optical split [13]. Novel optical
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Fig. 7. Different optical OFDMA variants. (a) 1-D OFDMA with different
users assigned different OFDM subcarriers. (b) 2-D OFDMA with different
users assigned different OFDM subcarriers and TDM time-slots. (¢) 3-D
OFDMA with different users assigned different OFDM subcarriers and TDM
time slots on different WDM wavelengths.

OFDMA-PON MAC protocols are also the subject of on-going
investigation [56], [57].

IV. OFDMA-PON PRINCIPLES AND CHALLENGES

Fig. 8 depicts a single-wavelength OFDMA-PON archi-
tecture that exploits the principles described earlier; a WDM
extension can readily be made by launching multiple wave-
lengths from the OLT and adopting the single-wavelength
architecture of Fig. 8 on each of the launched wavelengths. As
shown in Fig. 8, at the OLT, a bandwidth-sharing schedule is
formed according to ONU-side demand, and is distributed to all
ONUs over prereserved subcarriers and/or timeslots. Different
OFDM subcarriers can thus be assigned to different ONUs;
each OFDM subcarrier can also be time shared to realize 2-D
multiuser bandwidth partitioning. One and 2-D bandwidth
provisioning can also be combined. For example, while ONU-2
in Fig. 8 maintains a fixed subcarrier assignment over several
frames, ONU-1 and ONU-3 engage in time-domain sharing of
the same OFDM subcarriers. Since traffic is aggregated and
de-aggregated electronically, the architecture also features the
important advantage of a passive last-mile optical splitter, such
that the legacy fiber distribution network, which accounts for
the majority of PON investment cost, can be reused. At the
ONUs, each ONU recovers its preassigned OFDM subcar-
riers and/or time slots in DSP. An orthogonal OFDMA-based
schedule for upstream transmission is likewise generated by
the OLT and distributed to the ONUs. At the OLT, a complete
OFDMA frame is assembled from the incoming subframes
originating at different ONUs. Consequently, for both down-
stream and upstream OFDMA-PON accurate synchronization
is very important to enable multiuser access.
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Fig. 8. Single-wavelength optical OFDMA-PON architecture for heterogeneous service delivery.

The OFDMA-PON platform of Fig. 8 can support het-
erogeneous services because OFDM subcarriers essentially
become transparent pipes for the delivery of arbitrary sig-
nals (e.g., legacy T1/El lines, Ethernet packets, both analog
and digitized mobile backhaul, IPTV, VPN, etc.) In terms of
implementation, the integrated DSP-based transmission and
control planes mean that the MAC protocols can be regarded
as simply another functional block of the digital OFDM(A)
transceivers. This software-defined approach features high
reconfigurability, such that the system can be extended to
new and emerging applications in a nondisruptive fashion.
Consequently, OFDMA-PON (see Fig. 8) can cost-efficiently
coexist with legacy systems and devices on the same fiber ODN
by operating in an orthogonal wavelength or frequency band.
For example, 1510-1540 nm downstream and 1340-1360 nm
upstream OFDMA-PON operation can enable coexistence with
G-PON, XG/10 G-EPON, and legacy RF video overlays. For
backward-compatible networks, optimal spectral mapping and
the required degree of OLT and ONU-side change thus emerge
as important challenges. In green-field deployments, which
would not involve backward compatibility considerations, a
wavelength plan that maximizes mature optical component
reuse would be preferred.

Because of a directional asymmetry in the PON topology—
i.e., a point-to-multipoint downstream and multipoint-to-point
in the upstream—different issues exist for downstream versus
upstream transmission in OFDMA-PON. These are surveyed
next, along with some potential techniques for mitigating these
challenges.

A. Downstream Transmission in OFDMA-PON

A unique feature of OFDMA-PON is that spectrally efficient
40" Gb/s downstream transmission can be achieved using a
single wavelength [13], [59]. A high degree of statistical band-
width multiplexing can thus be enabled, since all ONUs in the
PON can share the same OFDMA resources. Peak per-ONU
rates as high as the full 40T Gb/s/A data rate likewise become

possible, and because of the compact OFDM spectrum, mul-
tilevel modulation, and polarization multiplexing, this can be
realized with very high spectral efficiency. For example, using
polarization-multiplexed OFDM with A/ = 16 QAM and di-
rect (noncoherent) detection, a 40 Gb/s/A data rate was realized
in a 5.6 GHz spectrum [59]. ONU-side synchronization, man-
dated for proper receiver-side alignment of the FFT window, can
be viewed as a much simpler version of an equivalent problem
in wireless systems [60]; namely, due to the high stability of
the fiber channel, downstream synchronization can be accom-
plished by simply broadcasting a common clock signal from the
OLT to the ONUs [61]. Finally, at the expense of minor addi-
tional CP overhead, CD also poses no major challenge even for
PON reach up to 100 km [13], [62].

However, at 407 Gb/s/A downstream rates, OFDMA-PON
transmission can be OSNR-limited. This will especially be true
for IM/DD implementations, where much of the transmitted
power lies in the optical carrier. In the absence of receiver-side
optical amplifiers, as can be the case in highly cost-sensitive res-
idential applications, the OSNR limitation will further reduce
to power-limited transmission, which will directly determine
the achievable PON reach and passive split ratio. Furthermore,
to take advantage of full-range dynamic bandwidth sharing, all
ONUs in a 40* Gb/s A OFDMA-PON would have to receive
and process the entire 407 Gb/s A OFDMA signal, for which
they would need to be equipped with ADC and DSP capability
that is comparable to that of the OLT. While VLSI advances
can make this a reality for high-performance applications, such
as mobile backhaul, enterprise, and/or datacenter connectivity,
it is a difficult mandate for residential ONUs.

To overcome the challenges of downstream OFDMA-PON
transmission, techniques such as hybrid WDM-OFDMA, multi-
band OFDMA, and adaptive per-subcarrier modulation/coding
have been proposed. With a hybrid WDM-OFDMA approach
[63], for example, an aggregate 40T Gb/s could be realized with
multiple wavelengths, alleviating the power budget and OSNR
constraints on each wavelength channel. The tradeoff for this
benefit would be the requirement for a colorless ONU receiver
that could select and process one or more wavelengths. In the
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multiband OFDMA approach [13], a 40~ Gb/s/A signal would
be realized via multiple OFDMA sub-bands separated by fre-
quency-domain guard bands. At the ONU side, a tuning mecha-
nism, either analog or digital, could be used to select and process
a target sub-band, reducing ADC and/or DSP complexity. In
this case, the peak per-ONU speeds would be restricted to the
data rate of the selected OFDMA sub-band(s). Finally, as in
wireless OFDMA systems where different modulation and/or
coding formats are used for users that are closer or further away
from the base station, a similar solution could be adopted in
OFDMA-PON [10],[11]. For example, for ONUs that are closer
to the OLT, symbols could be drawn from larger M -ary QAM
constellations and low coding overhead could be employed; this
would be reversed for more remote ONUs, where smaller, more
resilient constellations and higher coding overhead could be ex-
ploited to improve performance.

B. Upstream Transmission in OFDMA-PON

Since the cost and complexity of an OLT can be amortized
over a number of ONUs, the use of receiver-side optical amplifi-
cation, and sophisticated optics and electronics can more easily
be justified for upstream OFDMA-PON transmission. Conse-
quently, upstream OSNR and received power limitations can be
overcome with the proper OLT-side hardware upgrades.

The main challenge for high-speed, single-wavelength up-
stream OFDMA-PON arises from the fact that colorless trans-
mission is achieved by transmitting decorrelated optical sig-
nals from multiple ONUs over the same nominal wavelength.
This situation will occur both in lightwave-centralized architec-
tures—where a single upstream carrier is broadcasted from the
OLT to the ONUs [62], [64]—and in systems where all ONUs
have their own upstream laser source, operating at a common
wavelength. Namely, due to fiber path differentials between the
OLT and different end users, the broadcasted carrier compo-
nents at N ONUs can become just as decorrelated as if they orig-
inated from N discrete optical sources. Consequently, the actual
wavelength of each upstream carrier will exhibit random fluc-
tuations around its nominal value. The mixing of N such car-
riers upon photodetection would produce strong optical beating
noise that could easily overwhelm the weaker OFDMA signal
terms [64]. Upstream optical carrier decorrelation also compli-
cates the upstream OFDMA synchronization problem, since the
OLT must correctly assemble an OFDMA frame from N fre-
quency-shifting subframes.

To overcome these upstream transmission challenges,
different techniques, including hybrid WDM-OFDMA trans-
mission, and/or single-wavelength optical carrier suppression
with coherent OLT-side detection can be used. In the hybrid
WDM-OFDMA approach [63], the beating noise problem
is directly solved by wavelength orthogonality. However,
multiple optical sources—either broadcasted from the OLT,
or included in the ONUs—as well as a mechanism for wave-
length tunability would be needed to realize this approach.
Alternately, optical carrier suppression with OLT-side coherent
detection can also be exploited [13], [62], [64]. In this method,
each of the N de-correlated optical carriers is suppressed via
proper biasing of the transmitter-side optical modulator and/or
receiver-side optical filtering. A single OLT-side optical carrier
reference is then used as the coherent receiver LO. As shown
in [64], the beating noise will be eliminated by this approach,
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enabling coherent recovery of the OFDMA signals. To absorb
larger frequency shifts that would lead to ICI, as well as to
relax upstream synchronization requirements, frequency guard
bands can be inserted between the upstream signals of different
ONUs, resulting in an upstream multiband OFDMA configura-
tion. Correlation techniques can then be exploited to properly
align the FFT window and jointly process upstream data from
multiple ONUs [65].

V. SUMMARY OF ADVANCES IN OFDMA-PON

OFDM transmission using low-cost optics for optical access
was demonstrated at 4 Gb/s in [58], while the OFDMA-PON
concept was first proposed in [10], where the first bidirec-
tional experimental demonstration of 10 Gb/s OFDMA-PON
and WDM-OFDMA-PON was also made. An extension to
OFDMA-PON-enabled heterogeneous service delivery was
shown in [63], where a 40 MHz analog WiMAX signal cen-
tered at 3.4 GHz was successfully embedded into a 5 GHz
OFDMA band carrying digital traffic. Adaptive per-subcarrier
modulation for OFDMA-PON was first demonstrated in [11]
for a cost-efficient 10 Gb/s IM/DD architecture. The first 40
Gb/s/A downstream OFDMA-PON was achieved by introduc-
tion polarization multiplexing with direct detection, which, in
conjunction with novel 4 x 4 multiple-input multiple-output
(MIMO) DSP equalization was also used to achieve record
108 Gb/s/A downstream OFDMA-PON transmission [65].
Lightwave-centralized, or carrier-distributed, OFDMA-PON
was proposed in [66], and extended to source-free colorless
upstream transmission with OLT-side coherent detection in
[65]. A 100 km upstream OFDMA-PON reach was demon-
strated by this approach in [62], while a novel OLT-side
architecture was exploited in [67] to achieve a record 108
Gb/s/A upstream data rate. Polarization-insensitive ONU-side
operation for source-free OFDMA-PON was shown in [68]
and [69]. End-to-end real-time O-OFDM transmitter and
receiver-side processing was achieved in [70]-[72]. Several
real-time O-OFDM transmitter demonstrations have also been
made in [73]-[75], with record 101.5 Gb/s real-time operation
recently shown [76]. On the receiver side, a record 41.25 Gb/s
real-time single-band WDM-OFDMA-PON receiver was im-
plemented in [77]. A hybrid electronic CDM-OFDM-PON was
exhibited in [78], while a physical-layer encryption technique
for OFDM-based PON using chaos scrambling was demon-
strated in [79]. The use of OFDMA-PON for wired/wireless
convergence has been examined in [63], [80], and [81]. Ad-
vanced modulation formats for spectrally efficient long-reach
OFDMA-PON, including 128 QAM [82], have also been
shown. The first Terabit PON based on WDM-OFDMA was
also recently demonstrated, featuring a 90 km reach and support
for up to 800 ONUs with 1.25/10 Gb/s dedicated/peak data
rates [13], while a 1.92 Tb/s coherent DWDM-OFDMA-PON
serving up to 2048 ONUSs over 100 km was demonstrated in
[52]. Other recent progress in the research area of OFDM-based
optical access includes efficient real-time synchronization im-
plementations [61], [83], reduced-overhead and efficient MIMO
DSP equalization algorithms [84], [85], low-cost optical com-
ponent optimization [86], and higher-layer (i.e., MAC) protocol
design [56], [57]. With several international OFDM(A)-PON
research initiatives underway, continued advances in the field
are expected.
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Fig. 9. Digital transmitter and receiver architectures for OFDMA-PON.

VI. DSP REQUIREMENTS FOR OFDMA-PON

The contention that OFDM is a “great technology” is gener-
ally not viewed as controversial. In the context of PON-based
access, optical OFDMA has been shown to be advantageously
flexible, nondisruptive to the legacy ODN, and capable of
record transmission rates and distances. However, the implicit
reliance of a practical OFDMA-PON implementation on ad-
vanced ADC, DAC, and DSP technologies has often been
regarded as a liability. The primary reason for this is that an
optical OFDMA-based system would require DSP-based com-
ponents that are at least one order of magnitude faster than those
of any other successfully commercialized OFDM(A)-based
application. The decisive question is thus whether VLSI tech-
nologies could keep up with optical OFDMA. To address this,
the key DSP requirements and technology trends related to a
practical OFDMA-PON implementation are overviewed next.

A. DSP Components for Real-Time OFDMA-PON
Transceivers

Fig. 9 illustrates a DSP-based transceiver architecture for ap-
plication in OFDMA-PON. The overarching goal of such trans-
ceivers is real-time, multi-Gb/s operation. From the transmitter
side, the required DSP-based components include a digital pro-
cessor, which performs the vital IFFT computation, and a two-
channel DAC module used to convert the digital in-phase (I)
and quadrature (Q) OFDMA signal components into the analog
domain. According to Nyquist theory, to avoid distortion, the
DAC bandwidth (GHz) should be at least as large as the OFDM
signal bandwidth, while the DAC per-channel sampling rates
(GS/s) should be at least twice the OFDM(A) signal bandwidth
(GHz). It is also noted that if the DAC bandwidth is sufficiently
large, the two-channel DAC can also replace the analog RF front
end of Fig. 9. Direct digital-to-RF conversion is feasible in this
case. In both scenarios, the two DAC channels must be syn-
chronized, and the DAC resolution as measured by the effec-
tive number of bits (ENOB) must be sufficiently high to accu-
rately represent the rapidly changing, “noise-like” time-domain
analog OFDM signal. Since ENOB is also related to the achiev-
able signal-to-noise ratio, a higher ENOB value is generally pre-
ferred, albeit more difficult to realize in practice. In terms of
the DSP processor, its most demanding task is the real-time,
high-speed IFFT, the complexity of which fortunately scales
logarithmically with respect to the IFFT size, V. The remaining
functional blocks of the digital transmitter (see Fig. 3) feature
relatively low complexity.

At the receiver side, following photodetection and I/Q de-
multiplexing, a two-channel ADC is required to digitize the I
and Q components, respectively (see Fig. 9). In terms of re-
quired ADC bandwidth, sampling rates, and ENOB, the same
general requirements as those outlined previously for DAC op-
eration apply. However, as shown in Fig. 9, in terms of syn-
chronization, sample-level accuracy is required both between
the two ADC channels, and between the transmitter-side DAC
and receiver-side ADC. Incoming samples must also be parsed
and organized into parallelized segments via real-time distribu-
tion/aggregation before becoming input to the receiver side FFT
module, and subsequent digital equalizers and symbol detectors.
As in the transmitter-side DSP processor, the real-time FFT can
be regarded as the most computationally intensive digital re-
ceiver operation.

In laboratory demonstrations, high-speed arbitrary wave-
form generators and real-time digital oscilloscopes are typically
used as high-speed DACs and ADCs, respectively, while DSP
processors are emulated by software programmed for off-line
data generation and recovery. For early stage prototyping, field
programmable gate arrays (FPGAs) offer an attractive way
to upgrade to real-time DSP functionality, while maintaining
sufficient flexibility for iterative design. Real-time IFFT/FFT
implementations in FPGAs can range from highly customized
approaches [75] to those based on generic modules, such as
the Xilinx LogiCORE for FFT that was exploited in [77].
In both cases, important design tradeoffs emerge, involving
achievable throughput, FFT size, and resource utilization. In
implementations involving multiple FPGAs, the combination
of FFT size, FFT core clock frequency, and the number of FFT
cores becomes an extremely important factor in determining
overall throughput and performance. As an example, Table 1
illustrates the resource utilization tradeoffs that were involved
in the implementation of the 41.25 Gb/s real-time receiver of
[77]. In [77], it was essential to parallelize the real-time FFT in
order to achieve sufficiently high throughput, by using multiple
FFT cores with an optimized FFT size. As shown in Table I,
different combinations of FFT sizes, clock frequencies, and
total FFT cores were studied. From the comparison in Table I,
it can be seen that the FPGA logic slice consumption was
related to the number of FFT cores. Moreover, the primary
driver of higher FPGA resource utilization was in fact higher
logic slice usage. Consequently, to lower the FPGA resource
utilization for the parallelized FFT module, the combination of
six FFT cores operating at a 215 MHz clock frequency with
FFT size of 32 was selected as optimal. Consequently, in [77],
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TABLE 1
RESOURCE COMPARISON FOR DIFFERENT FFT CORE/SIZE

Slices RAM | DSP
8 FFT cores/ 2461 6 24
FFT size 16 @ 192MHz (17%) | Q%) | (3%)
12 FFT cores/ 3736 10 36
FFT size 16 @ 156MHz (26%) | (3%) | (5%)
6 FFT cores/ 2363 5 36
FFT size 32 @ 215MHz (16%) (2%) | (5%)

Based on XC5VSC95T FPGA. data width: 8 bits, Phase factor width: 8 bits,
unscaled, truncation rounding, bit reverse order output.

data were parsed into 192-sample I/Q segments for real-time
FFT processing (i.e., 6 FFT cores x 32 points per FFT results
in a 192-point FFT). The optimal solution in a given real-time
application must thus strike an acceptable balance among
several key parameters.

Given the large form factor and rather high power consump-
tion of FPGA-based implementations, the ultimate goal is to
realize a digital OFDMA-PON transceiver as an application
specific integrated circuit (ASIC) chip. With Moore’s Law still
holding, as attested to by the commercial viability of DSP chips
for 100 Gb/s long-haul fiber transmission [29], it is reasonable
to assume that an ASIC implementation of an OFDM(A)-based
DSP processor for next-generation PON is feasible. Perhaps less
certain, at least until recently, was the commercial availability of
both high-speed ADCs and DACs. Although high-speed ADC
chip development was spurred by the emergence of the 100 Gb/s
digital coherent receiver, the adoption of all-optical POLMUX-
QPSK modulation seemed to obviate the need for a digital trans-
mitter. Indeed, in previous papers [34], we have issued practical
guidance for DAC-side undersampling and ADC-side oversam-
pling as a way of offsetting the potential unavailability of DACs
capable of satisfying high Nyquist rates. However, the potential
for high flexibility and digital precompensation of transmission
impairments enabled by high-speed digital transmitters has in-
creased the industry momentum toward ASIC implementations
of high-speed DACs. Recent high-speed ADC/DAC technology
trends and their relevance to future optical access are thus dis-
cussed next.

B. High-Speed ADC/DAC Technology Trends

Fig. 10 illustrates the growth in the sampling rates (GS/s)
in commercially available high-speed ADCs and DACs in re-
cent years. (It is noted that Fig. 10 is intended to be illustra-
tive rather than exhaustive, in order to highlight steady trends
rather dynamic, short-term developments.) From Fig. 10, it can
be observed that prior to 2007-2008, the highest speed commer-
cial data converter operated in the 20 Gs/s range, and it was an
ADC [87]. DAC-side sampling rates were substantially lower,
in the ~5 Gs/s range. However, fueled by market demand in
adjacent areas, including 100 Gb/s long-haul fiber-optic trans-
mission, there has been a dramatic increase in the sampling rates
of commercially available DAC/ADCs since 2008 [88], [89]. At
present, 507 GS/s single-chip ADC and DAC ASICs represent
the state of the art. Furthermore, the 100t GS/s mark has re-
cently been reached by laboratory equipment (i.e., real-time os-
cilloscopes.) This suggests that still higher sampling rates could
be realized in ASIC chips in the future.
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Fig. 10. Summary of recent high-speed ADC/DAC sampling rate trends.

While discrete ADCs and DACs can be implemented using
different materials, it has been shown that high-performance
implementations are feasible on a purely silicon platform [88].
Due to the material simplicity of silicon and its amenability to
on-chip component integration, an integrated ADC/DAC/DSP
ASIC that can readily be mass produced can be viewed as a
highly attractive commercial solution for a high-speed digital
transceiver. To reduce the power consumption that stems from
the high computational power of such chips, advances in
complementary metal-oxide—semiconductor (CMOS) can be
exploited. For example, by implementing the same high-speed
ADC or DAC in 40 nm CMOS rather than 65 nm CMOS, its
power consumption can be approximately halved [88]. Even
more advanced 28 and 20 nm CMOS processes have also
been announced; however, the tradeoff between increasingly
marginal power reductions and increasingly higher cost does
need to be taken into consideration when selecting the optimal
CMOS process. This holds particularly true for cost-sensitive
optical access. Nevertheless, aggressive ADC/DAC develop-
ments initially targeted for long-haul fiber systems are expected
to have beneficial effects on next-generation DSP-based optical
access.

C. Cost-Profile Ramifications of DSP-Based Access

It bears repeating that for optical access, cost efficiency is
quite a strict requirement. A highly effective way to achieve
the desired cost efficiency is to leverage the high-volume na-
ture of PON deployments by exploiting mass-market technolo-
gies, the cost of which significantly reduces on a per-unit basis
for high unit counts. Silicon-based technologies, such as ad-
vanced DSP, are perhaps the best example of this cost-profile
model, which has been very successfully adopted in wireless
handheld devices, for example. It is envisioned that advanced
DSP could play an analogous role in future PON systems [90],
[91], while also providing some PON-specific benefits: i.e., the
ability to simplify optical components and maximally reuse the
costly legacy ODN.

In order for the mass market model to hold for future PON,
several key criteria must be met: first, the pricing of ASICs for
PON applications must be exclusively volume based. In other
words, ASIC cost must not be determined by the reliance on
exotic materials, expensive packaging techniques, etc. From
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this perspective, it is helpful that next-generation optical access
will operate at data rates notably lower than 100 Gb/s, such
that more cost-efficient options can be used. Second, ASICs
for DSP-based access must not create a power consumption
bottleneck neither at the OLT nor at the ONUs. This challenge
can be addressed by a well-designed synergy between advanced
CMOS and computationally efficient DSP algorithms [92],
[93]. Finally, deployed PON volumes must be sufficiently high.
While it is not expected that these will reach the stratospheric
numbers of mobile devices in the near future, a rough estimate
suggests that PON volumes comparable to those of wireless
base station deployments could bring about important benefits.

VII. CONCLUSION

A comprehensive overview of OFDM-based optical access
has been presented in this paper, covering technology principles,
practical advantages and challenges, as well as recent progress
and application scenarios in future PON. The techno-economic
prospects for DSP-based enabling technologies, including high-
speed digital processors and data converters, have also been
discussed.

In summary, the fundamental motivation for using optical
OFDM(A) in optical access can be regarded as threefold: 1)
OFDM enables multilevel modulation and efficient dispersion
compensation to achieve spectrally efficient, high-speed, long-
reach access over a legacy PON fiber plant; 2) OFDMA sub-
carriers can be used as finely granular bandwidth resources for
highly dynamic multiuser traffic aggregation in point-to-multi-
point optical access networks; and 3) OFDM(A) implementa-
tion is largely DSP based and can thus be realized in silicon to
achieve a cost-efficient, volume-driven cost profile. Moreover,
with the advent of efficient high-speed DSP and data converters
in recent years, and an increasing momentum of R&D activity
in the field, the progress in this area is expected to continue.

REFERENCES

[1] J. Armstrong, “OFDM for optical communications,” J. Lightw.

Technol., vol. 27, no. 3, pp. 189-204, Feb. 2009.

1. B. Djordjevic and B. Vasic, “Orthogonal frequency division multi-

plexing for high-speed optical transmission,” Opt. Exp., vol. 14, pp.

3767-3775, May 2006.

[3] N. Cvijetic, L. Xu, and T. Wang, “Adaptive PMD compensation
using OFDM in long-haul 10 Gb/s DWDM systems,” presented at the
IEEE/OSA Opt. Fiber Commun. Conf., Anaheim, CA, Mar. 2007,
Paper OTuAS.

[4] S. L. Jansen, I. Morita, T. C. W. Schenk, and H. Tanaka, “121.9-Gb/s

PDM-OFDM transmission with 2-b/s/Hz spectral efficiency over 1000

km of SSME,” J. Lightw. Technol., vol. 27, no. 3, pp. 177-188, Jan.

2009.

A.J. Lowery, L. Du, and J. Armstrong, “Orthogonal frequency division

multiplexing for adaptive dispersion compensation in long haul WDM

systems,” presented at the [IEEE/OSA Opt. Fiber Commun. Conf., Ana-
heim, CA, Mar. 2006, Paper PDP39.

W. Shieh, H. Bao, and Y. Tang, “Coherent optical OFDM: Theory and

design,” Opt. Exp., vol. 16, pp. 841-859, Jan. 2008.

[7] B. J. C. Schmidt, A. J. Lowery, and J. Armstrong, “Experimental
demonstrations of electronic dispersion compensation for long haul
transmission using direct-detection optical OFDM,” J. Lightw.
Technol., vol. 26, no. 1, pp. 196-203, Jan. 2008.

[2

—

[5

[k}

[6

[}

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 30, NO. 4, FEBRUARY 15, 2012

[8] J. M. Tang, P. M. Lane, and K. A. Shore, “High-speed transmission
of adaptively modulated optical OFDM signals over multimode fibers
using directly modulated DFBs,” J. Lightw. Technol., vol. 24, no. 1, pp.
429441, Feb. 2006.

[9] A. Sano, E. Yamada, H. Masuda, E. Yamazaki, T. Kobayashi, E.
Yoshida, Y. Miyamoto, R. Kudo, K. Ishihara, and Y. Takatori,
“No-guard-interval coherent optical OFDM for 100-Gb/s long-haul
WDM transmission,” J. Lightw. Technol., vol. 27, no. 16, pp.
3705-3713, Aug. 20009.

[10] D. Qian, J. Hu, J. Yu, P. N. Ji, L. Xu, T. Wang, M. Cvijetic, and T.
Kusano, “Experimental demonstration of a novel OFDM-A based 10
Gb/s PON architecture,” presented at the Eur. Conf. Opt. Commun.
Conf., Berlin, Germany, Sep. 2007, Paper 5.4.2.

[11] T. Duong, N. Genay, P. Chanclou, B. Charbonnier, A. Pizzinat, and
R. Brenot, “Experimental demonstration of 10 Gbit/s upstream trans-
mission by remote modulation of 1 GHz RSOA using adaptively mod-
ulated optical OFDM for WDM-PON single fiber architecture,” pre-
sented at the Eur. Conf. Opt. Commun. Conf., Brussels, Belgium, Sep.
2008, Paper Th. 3.F. 1.

[12] Y. K. Huang, D. Qian, R. E. Saperstein, P. N. Ji, N. Cvijetic, L. Xu,
and T. Wang, “Dual-polarization 2 X 2 IFFT/FFT optical signal pro-
cessing for 100-Gb/s QPSK-PDM all-optical OFDM,” presented at the
IEEE/OSA Opt. Fiber Commun. Conf., San Diego, CA, Mar. 2009,
Paper OTuM4.

[13] N. Cvijetic, M.-F. Huang, E. Ip, Y. Huang, D. Qian, and T. Wang, “1.2
Tb/s symmetric WDM-OFDMA-PON over 90 km straight SSMF and
1:32 passive split with digitally-selective ONUs and coherent receiver
OLT,” presented at the IEEE/OSA Opt. Fiber Commun. Conf., Los An-
geles, CA, Mar. 2011, Paper PDPD7.

[14] D. Qian, M.-F. Huang, E. Ip, Y.-K. Huang, Y. Shao, J. Hu, and
T. Wang, “101.7-Tb/s (370 x 294-Gb/s) PDM-128QAM-OFDM
transmission over 3 x 55-km SSMF using pilot-based phase noise
mitigation,” presented at the IEEE/OSA Opt. Fiber Commun. Conf.,
Los Angeles, CA, Mar. 2011, Paper PDPBS.

[15] D. Hillerkuss, R. Schmogrow, T. Schellinger, M. Jordan, M. Winter,
G. Huber, T. Vallaitis, R. Bonk, P. Kleinow, F. Frey, M. Roeger, S.
Koenig, A. Ludwig, A. Marculescu, J. Li, M. Hoh, M. Dreschmann,
J. Meyer, S. Ben Ezra, N. Narkis, B. Nebendahl, F. Parmigiani, P.
Petropoulos, B. Resan, A. Oechler, K. Weingarten, T. Ellermeyer, J.
Lutz, M. Moeller, M. Huebner, J. Becker, C. Koos, W. Freude, and J.
Leuthold, “26 Tbit s—* line-rate super-channel transmission utilizing
all-optical fast Fourier transform processing,” Nature Photon., vol. 5,
pp. 364-371, May 2011.

[16] R. W. Chang, “High-speed multichannel data transmission with
bandlimited orthogonal signals,” Bell Syst. Tech. J., vol. 45, pp.
1775-1796, Dec. 1966.

[17] S. B. Weinstein, “The history of orthogonal frequency division multi-
plexing,” IEEE Commun. Mag., vol. 47, no. 11, pp. 26-35, Nov. 2009.

[18] Y. H. Ma, P. L. So, and E. Gunawan, “Performance analysis of OFDM
systems for broadband power line communications under impulsive
noise and multipath effects,” IEEE Trans. Power Del., vol. 20, no. 2,
pp. 674-682, Apr. 2005.

[19] C. Stevenson, G. Chouinard, Z. Lei, H. Wendong, S. Shellhammer,
and W. Caldwell, “IEEE 802.22: The first cognitive radio wireless re-
gional area network standard,” I[EEE Commun. Mag., vol. 47, no. 1,
pp. 130-138, Jan. 2009.

[20] O. Gonzalez, S. Rodriguez, R. Perez-Jimenez, B. R. Mendoza, and
F. Delgado, “Adaptive OFDM system for multi-user communications
over the indoor wireless optical channel,” Proc. Inst. Electr. Eng.—Op-
toelectronics, vol. 153, no. 4, pp. 139-144, Aug. 2006.

[21] N. Cvijetic, D. Qian, and T. Wang, “10 Gb/s free-space optical
transmission using OFDM,” presented at the IEEE/OSA Opt. Fiber
Commun. Conf., San Diego, CA, Mar. 2008, Paper OThD2.

[22] J. Vucic, C. Kottke, S. Nerreter, A. Buttner, K.-D. Langer, and J. W.
Walewski, “White light wireless transmission at 200T Mb/s net data
rate by use of discrete-multitone modulation,” JEEE Photon. Technol.
Lett., vol. 21, no. 20, pp. 1511-1513, Aug. 2009.

[23] X. Q. Jin, J. M. Tang, P. S. Spencer, and K. A. Shore, “Optimization
of adaptively modulated optical OFDM modems for multimode fiber-
based local area networks,” J. Opt. Netw., vol. 7, pp. 198-214, Feb.
2008.

[24] “Cisco® Visual Networking Index (VNI),” Entering the Zettabyte Era
White Paper, Jun. 1, 2011.

[25] M. Cvijetic, Optical Transmission Systems Engineering. Norwood,
MA: Artech House, 2004.



CVIJETIC: OFDM FOR NEXT-GENERATION OPTICAL ACCESS NETWORKS

[26] E. Ip and J. M. Kahn, “Increasing optical fiber transmission capacity
beyond next-generation systems,” presented at the Proc. IEEE LEOS,
Acapulco, Mexico, Paper WX1.

[27] R.-J. Essiambre, G. Kramer, P. J. Winzer, G. J. Foschini, and B. Goebel,
“Capacity limits of optical fiber networks,” J. Lightw. Technol., vol. 28,
no. 4, pp. 662-701, Feb. 2010.

[28] W. Shieh, Q. Yang, and Y. Ma, “107 Gb/s coherent optical OFDM
transmission over 1000-km SSMF fiber using orthogonal band multi-
plexing,” Opt. Exp., vol. 16, pp. 6378—6386, Apr. 2008.

[29] T. J. Xia, G. Wellbrock, B. Basch, S. Kotrla, W. Lee, T. Tajima, K.
Fukuchi, M. Cvijetic, J. Sugg, Y. Ma, B. Turner, C. Cole, and C. Ur-
ricariet, “End-to-end native IP data 100 G single carrier real time DSP
coherent detection transport over 1520-km field deployed fiber,” pre-
sented at the IEEE/OSA Opt. Fiber Commun. Conf., San Diego, CA,
Mar. 2010.

[30] M. Birk, P. Gerard, R. Curto, L. Nelson, X. Zhou, P. Magill, T. J.
Schmidt, C. Malouin, B. Zhang, E. Ibragimov, S. Khatana, M. Gla-
vanovic, R. Lofland, R. Marcoccia, G. Nicholl, M. Nowell, and F.
Forghieri, “Field trial of a real-time, single wavelength, coherent 100
Gbit/s PM-QPSK channel upgrade of an installed 1800 km link,” pre-
sented at the IEEE/OSA Opt. Fiber Commun. Conf., San Diego, CA,
Mar. 2010, Paper PDPDI.

[31] OIF 100 G Ultra Long Haul DWDM Framework Document Jun. 30,
20009.

[32] S. L. Jansen, I. Morita, K. Forozesh, S. Randel, D. van den Borne, and
H. Tanaka, “Optical OFDM: A hype or is it for real?,” presented at
the Eur. Conf. Opt. Commun., Brussels, Belgium, Sep. 2008, Paper
Mo.3.E.3.

[33] K. Roberts, D. Beckett, D. Boertjes, J. Berthold, and C. Laperle, “100
G and beyond with digital coherent signal processing,” IEEE Commun.
Mag., vol. 48, no. 7, pp. 62—69, Jul. 2010.

[34] N. Cvijetic, D. Qian, and J. Hu, “100 Gb/s optical access based on
orthogonal frequency division multiplexing,” IEEE Commun. Mag.,
vol. 48, no. 7, pp. 70-77, Jul. 2010.

[35] N. Yoshimoto, “The role of advanced EPON systems and their related
technologies for sustainable growth of telecom industry,” presented at
the Asia Commun. Photon. Conf., Shanghai, China, Dec. 2010.

[36] D. Divanc, G. Li, and H. Liu, “Computationally efficient bandwidth
allocation and power control for OFDMA,” IEEE Trans. Wireless
Commun., vol. 2, no. 6, pp. 1150—-1158, Nov. 2003.

[37] D.Breuer, F. Geilhardt, R. Hiilsermann, M. Kind, C. Lange, T. Monath,
and E. Weis, “Opportunities for next-generation optical access,” [EEE
Commun. Mag., vol. 49, no. 2, pp. 17-24, Feb. 2011.

[38] J. Kani, “Next-generation PONs: An operator’s view,” presented at the
presented at the Eur. Conf. Opt. Commun., Vienna, Austria, Sep. 2009,
Paper 5.7.4.

[39] P.Iannone and K. Reichmann, “Optical access beyond 10 Gb/s PON,”
presented at the Eur. Conf. Opt. Commun., Torino, Italy, Sep. 2010,
Paper Tu.B.3.1.

[40] P. Iannone, K. Reichmann, C. Brinton, J. Nakagawa, T. Cusick, M.
Kimber, C. R. Doerr, L. Buhl, M. Cappuzzo, E. Chen, L. Gomez,
J. Johnson, A. Kanan, J. Lentz, F. Chang, B. Palsdottir, T. Tokle,
and L. Spiekman, “Bi-directionally amplified extended reach 40
Gb/s CWDM-TDM PON with burst-mode upstream transmission,”
presented at the IEEE/OSA Opt. Fiber Commun. Conf., Los Angeles,
CA, Mar. 2011, Paper PDPD6.

[41] S. Smolorz, H. Rohde, E. Gottwald, D. W. Smith, and A. Poustie,
“Demonstration of a coherent UDWDM-PON with real-time pro-
cessing,” presented at the IEEE/OSA Opt. Fiber Commun. Conf., Los
Angeles, CA, Mar. 2011, Paper PDPD4.

[42] P. Ossieur, C. Antony, A. M. Clarke, A. Naughton, H.-G. Krimmel, Y.
Chang, C. Ford, A. Borghesani, D. G. Moodie, A. Poustie, R. Wyatt, B.
Harmon, I. Lealman, G. Maxwell, D. Rogers, D. W. Smith, D. Nesset,
R. P. Davey, and P. D. Townsend, “A 135-km 8192-split carrier
distributed DWDM-TDMA PON with 2 x 32 x 10 Gb/s capacity,” J.
Lightw. Technol., vol. 29, no. 4, pp. 463—474, Feb. 2011.

[43] A.Banerjee, Y. Park, F. Clarke, H. Song, S. Yang, G. Kramer, K. Kim,
and B. Mukherjee, “Wavelength-division-multiplexed passive optical
network (WDM-PON) technologies for broadband access: A review,”
J. Opt. Netw., vol. 4, pp. 737-758, Oct. 2005.

[44] K. Kitayama, X. Wang, and N. Wada, “OCDMA over WDM
PON—Solution path to gigabit-symmetric FTTH,” J. Lightw.
Technol., vol. 24, no. 4, pp. 1654-1662, Apr. 2006.

397

[45] N. Cvijetic, “OFDM for next-generation optical access networks,” pre-
sented at the Opt. Fiber Commun. Conf., Los Angeles, CA, Mar. 2011,
Tutorial OMGI.

[46] S.G. Wilson, Digital Modulation and Coding. Englewood Cliffs, NJ:
Prentice-Hall, 1995.

[47] A.J. Lowery, “Fiber nonlinearity pre- and post-compensation for long-
haul optical links using OFDM,” Opt. Exp., vol. 15, pp. 12965-12970,
Sep. 2007.

[48] D. Qian, J. Yu, J. Hu, P. N. Ji, and T. Wang, “11.5-Gb/s OFDM trans-
mission over 640 km SSMF using directly modulated laser,” presented
at the Eur. Conf. Opt. Commun. Conf., Brussels, Belgium, Sep. 2008,
Paper Mo.3.E.4.

[49] W.-R. Peng, X. Wu, V. R. Arbab, B. Shamee, J.-Y. Yang, L. C.
Christen, K.-M. Feng, A. E. Willner, and S. Chi, “Experimental
demonstration of 340 km SSMF transmission using a virtual single
sideband OFDM signal that employs carrier suppressed and iterative
detection techniques,” presented at the Opt. Fiber Commun. Conf.,
San Diego, CA, Mar. 2008, Paper OMUI.

[50] N. Cvijetic, S. G. Wilson, and D. Qian, “System outage probability
due to PMD in high-speed optical OFDM transmission,” J. Lightw.
Technol., vol. 26, no. 14, pp. 2118-2127, Jul. 2008.

[51] M. Cvijetic, Coherent and Nonlinear Lightwave Communications.
Boston, MA: Artech House, 1996.

[52] N. Cvijetic, M.-F. Huang, E. Ip, Y. Shao, Y.-K.. Huang, M. Cvijetic,
and T. Wang, “1.92Tb/s coherent DWDM-OFDMA-PON with no
high-speed ONU-side electronics over 100km SSMF and 1:64 passive
split,” Opt. Exp., vol. 19, no. 24, pp. 2454024545, Nov. 2011.

[53] Z. Wang, Y.-K. Wang, E. Ip, P. R. Prucnal, and T. Wang, “Perfor-
mance investigation of polarization-multiplexed 16-QAM using all-op-
tical OFDM transmission and digital coherent detection,” presented at
the Opt. Fiber Commun. Conf., Los Angeles, CA, Mar. 2011, Paper
OMSS.

[54] S. Chandrasekhar, X. Liu, B. Zhu, and D. W. Peckham, “Trans-
mission of a 1.2-Tb/s 24-carrier no-guard-interval coherent OFDM
superchannel over 7200-km of ultra-large-area fiber,” presented at
the Eur. Conf. Opt. Commun., Vienna, Austria, Sep. 2009, Paper
PD2.6.

[55] X.Z.Qiu, C. Mélange, T. De Ridder, B. Backelandt, J. Bauwelinck, X.
Yin, and J. Vandewege, “Evolution of burst mode receivers,” presented
at the Eur. Conf. Opt. Commun. Conf., Vienna, Austria, Sep. 2009,
Paper 7.5.1.

[56] W. Wei, T. Wang, D. Qian, and J. Hu, “MAC protocols for optical or-
thogonal frequency division multiple access (OFDMA)-based passive
optical networks,” presented at the IEEE/OSA Opt. Fiber Commun.
Conf., San Diego, CA, Mar. 2008, Paper JWAS2.

[57] J. Zhang, T. Wang, and N. Ansari, “An efficient MAC protocol for
asynchronous ONUs in OFDMA PONSs,” presented at the IEEE/OSA
Opt. Fiber Commun. Conf., Los Angeles, CA, Mar. 2011, Paper
JWAO071.

[58] Y.M. Lin, “Demonstration and design of high spectral efficiency 4Gb/s
OFDM system in passive optical networks,” in Proc. IEEE/OSA Opt.
Fiber Commun., Anaheim, CA, 2007, paper OThD7.

[59] D. Qian, N. Cvijetic, J. Hu, and T. Wang, “108 Gb/s OFDMA-PON
with polarization multiplexing and direct detection,” J. Lightw.
Technol., vol. 28, no. 4, pp. 484-493, Feb. 2010.

[60] M. Morelli, C.-C. J. Kuo, and M.-O. Pun, “Synchronization techniques
for orthogonal frequency division multiple access (OFDMA): A tuto-
rial review,” Proc. IEEE, vol. 95, no. 7, pp. 1394-1427, Jul. 2007.

[61] R. P. Giddings and J. M. Tang, “Experimental demonstration and
optimisation of a synchronous clock recovery technique for real-time
end-to-end optical OFDM transmission at 11.25 Gb/s over 25 km
SSMF,” Opt. Exp., vol. 19, pp. 2831-2845, Jan. 2011.

[62] D. Qian, N. Cvijetic, Y. K. Huang, J. Yu, and T. Wang, “100 km long
reach upstream 36 Gb/s-OFDMA-PON over a single wavelength with
source-free ONUSs,” presented at the Eur. Conf. Opt. Commun. Conf.,
Vienna, Austria, Sep. 2009, Paper 8.5.1.

[63] D. Qian, J. Hu, P. N. Ji, T. Wang, and M. Cvijetic, “10 Gb/s
OFDMA-PON for delivery of heterogeneous services,” presented
at the IEEE/OSA Opt. Fiber Commun. Conf., San Diego, CA, Mar.
2008, Paper OWH4.

[64] N. Cvijetic, D. Qian, J. Hu, and T. Wang, “Orthogonal frequency di-
vision multiple access PON (OFDMA-PON) for colorless upstream
transmission beyond 10 Gb/s,” IEEE J. Sel. Areas Commun., vol. 28,
no. 6, pp. 781-790, Aug. 2010.



398

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

(78]

[79]

(80]

D. Qian, N. Cvijetic, J. Hu, and T. Wang, “A novel OFDMA-PON
architecture with source-free ONUs for next-generation optical ac-
cess networks,” IEEE Photon. Technol. Lett., vol. 21, no. 17, pp.
1265-1267, Jun. 2009.

C. W. Chow, C. H. Yeh, C. H. Wang, F. Y. Shih, and S. Chi, “Rayleigh
backscattering performance of OFDM-QAM in carrier distributed pas-
sive optical networks,” IEEE Photon. Technol. Lett., vol. 20, no. 22, pp.
1848-1850, Nov. 2008.

D. Qian, N. Cvijetic, Y. K. Huang, J. Hu, and T. Wang, “Single-wave-
length 108 Gb/s upstream OFDMA-PON transmission,” presented at
the Eur. Conf. Opt. Commun. Conf., Vienna, Austria, Mar. 2009, Paper
PD3.3.

N. Cvijetic, D. Qian, J. Hu, and T. Wang, “44-Gb/s/A, upstream
OFDMA-PON transmission with polarization-insensitive source-free
ONUs,” presented at the Opt. Fiber Commun. Conf., San Diego, CA,
Mar. 2010, Paper OTuO2.

B. Charbonnier, N. Brochier, and P. Chanclou, “Reflective polarisation
independent Mach-Zehnder modulator for FDMA/OFDMA PON,”
IEEE Electron. Lett., vol. 46, no. 25, pp. 1682—1683, Dec. 2010.

X. Q. Jin, R. P. Giddings, and J. M. Tang, “Real-time transmission of 3
Gb/s 16-QAM encoded optical OFDM signals over 75 km SMFs with
negative power penalties,” Opt. Exp., vol. 17, pp. 14574-14585, Aug.
2009.

R. P. Giddings, X. Q. Jin, E. Hugues-Salas, E. Giacoumidis, J. L. Wei,
and J. M. Tang, “Experimental demonstration of a record high 11.25
Gb/s real-time optical OFDM transceiver supporting 25 km SMF
end-to-end transmission in simple IMDD systems,” Opt. Exp., vol. 18,
pp. 5541-5555, Mar. 2010.

E. Hugues-Salas, R. P. Giddings, X. Q. Jin, J. L. Wei, X. Zheng, Y.
Hong, C. Shu, and J. M. Tang, “Real-time experimental demonstration
of low-cost VCSEL intensity-modulated 11.25 Gb/s optical OFDM
signal transmission over 25 km PON systems,” Opt. Exp., vol. 19, pp.
2979-2988, Feb. 2011.

Y. Benlachtar, P. M. Watts, R. Bouziane, P. Milder, D. Rangaraj, A.
Cartolano, R. Koutsoyannis, J. C. Hoe, M. Piischel, M. Glick, and R.
I. Killey, “Generation of optical OFDM signals using 21.4 GS/s real
time digital signal processing,” Opt. Exp., vol. 17, pp. 17658-17668,
Sep. 2009.

B. Inan, O. Karakaya, P. Kainzmaier, S. Adhikari, S. Calabro, V.
Sleiffer, N. Hanik, and S. L. Jansen, “Realization of a 23.9 Gb/s real
time optical-OFDM transmitter with a 1024 point IFFT,” presented at
the Opt. Fiber Commun. Conf., Los Angeles, CA, Mar. 2011, Paper
OMS2.

F. Buchali, R. Dischler, A. Klekamp, and M. Bernhard, “On a real-
time 12.1 Gb/s OFDM transmitter architecture,” presented at the OSA
Signal Process. Photon. Commun., Karlsruhe, Germany, Jun. 2010,
Paper SPTuC3, (SPPCom).

R. Schmogrow, M. Winter, D. Hillerkuss, B. Nebendahl, S. Ben-Ezra,
J. Meyer, M. Dreschmann, M. Huebner, J. Becker, C. Koos, W. Freude,
and J. Leuthold, “Real-time OFDM transmitter beyond 100 Gbit/s,”
Opt. Exp., vol. 19, pp. 12740-12749, Jun. 2011.

D. Qian, T. Kwok, N. Cvijetic, J. Hu, and T. Wang, “41.25 Gb/s real-
time OFDM receiver for variable rate WDM-OFDMA-PON transmis-
sion,” presented at the Opt. Fiber Commun. Conf., San Diego, CA,
Mar. 2010, Paper PDPDO.

L. Zhang, X. Xin, B. Liu, J. Yu, and Q. Zhang, “A novel ECDM-
OFDM-PON architecture for next-generation optical access network,”
Opt. Exp., vol. 18, pp. 18347-18353, Aug. 2010.

L. Zhang, X. Xin, B. Liu, and Y. Wang, “Secure OFDM PON based
on chaos scrambling,” IEEE Photon. Technol. Lett., vol. 23, no. 14, pp.
998-1000, Jul. 2011.

Y.-M. Lin, P.-L. Tien, M. C. Yuang, S. S. W. Lee, J. J. Chen, S.-Y.
Chen, Y.-M. Huang, J.-L. Shih, and C.-H. Hsu, “A novel optical ac-
cess network architecture supporting seamless integration of RoF and
OFDMA signals,” presented at the Eur. Conf. Opt. Commun. Conf.,
Vienna, Austria, Sep. 2009, Paper P6.13.

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 30, NO. 4, FEBRUARY 15, 2012

[81] K. Kanonakis, I. Tomkos, T. Pfeiffer, J. Prat, and P. Kourtessis,
“ACCORDANCE: A novel OFDMA-PON paradigm for ultrahigh
capacity converged wireline-wireless access networks,” presented at
the Int. Conf. Transparent Opt. Netw., Munich, Germany, Jul. 2010,
Paper Tu.A1.2.

[82] D. Hsu, C. Wei, H. Y. Chen, J. Chen, M. Yuang, S. Lin, and W.
Li, “2.1-Tb/s x km OFDM long-reach PON transmission using a
cost-effective electro-absorption modulator,” presented at the Opt.
Fiber Commun. Conf., Los Angeles, CA, Mar. 2011, Paper OMG2.

[83] X. Q. Jin and J. M. Tang, “Optical OFDM synchronization with
symbol timing offset and sampling clock offset compensation in
real-time IMDD systems,” IEEE Photon. J., vol. 3, no. 2, pp. 187-196,
Apr. 2011.

[84] S.Kim, H.Kimura, and H. Hadama, “Cyclic prefix free 10-Gb/s OFDM
for a DML-based long-reach optical access using joint time and fre-
quency domain equalization algorithm,” presented at the Opt. Fiber
Commun. Conf., Los Angeles, CA, Mar. 2011, Paper OTuK4.

[85] N. Cvijetic, N. Prasad, D. Qian, J. Howard, and T. Wang, “Compu-
tationally-efficient DSP-based MIMO equalization for OSNR gains in
40 Gb/s OFDMA-PON,” presented at the Opt. Fiber Commun. Conf.,
Los Angeles, CA, Mar. 2011, Paper OTuK6.

[86] T. N. Duong, N. Genay, M. Ouzzif, J. Le Masson, B. Charbonnier,
P. Chanclou, and J. C. Simon, “Adaptive loading algorithm imple-
mented in AMOOFDM for NG-PON system integrating cost-effective
and low-bandwidth optical devices,” IEEE Photon. Technol. Lett., vol.
21, no. 12, pp. 790-792, Jun. 2009.

[87] E.IpandJ. M. Kahn, “Digital equalization of chromatic dispersion and
polarization mode dispersion,” J. Lightw. Technol., vol. 25, no. 8, pp.
2033-2043, Aug. 2007.

[88] I Dedic, “High-speed CMOS DSP and data converters,” presented at
the Opt. Fiber Commun. Conf., Los Angeles, CA, Mar. 2011, Paper
OTuNI1.

[89] T. Ellermeyer, R. Schmid, A. Bielik, J. Rupeter, and M. Maller, “DA
and AD converters in SiGe technology: Speed and resolution for lltra
high data rate applications,” presented at the Eur. Conf. Opt. Commun.,
Torino, Italy, Sep. 2010, Paper Th.10.A.6.

[90] D. Piehler, “Next-generation components for optical access networks,”
presented at the Opt. Fiber Commun. Conf., Los Angeles, CA, Mar.
2011, Paper OThKS.

[91] N. Cvijetic, “The five W’s of OFDM for optical access: What, why,
where, when and how?,” presented at the OSA Access Net. In-House
Commun. Conf., Toronto, ON, Canada, Jun. 2011, Paper AMCI.

[92] N. Cvijetic, N. Prasad, M. Cvijetic, and T. Wang, “Efficient and ro-
bust MIMO DSP equalization in POLMUX-OFDM transmission with
direct detection,” in Proc. Eur. Conf. Opt. Commun., Geneva, Switzer-
land, Sep. 2011, paper We.9.A.1.

[93] R. P. GiddingsJ. M. Tangs, “Real-time experimental demonstration
of a versatile optical OFDM symbol synchronization technique using
low-power DC offset signaling,” in Proc. Eur. Conf. Opt. Commun.,
Geneva, Switzerland, Sep. 2011, paper We.9.A.3.

Neda Cvijetic (M’06) received the B.S. (summa cum laude), M.S., and
Ph.D. degrees in electrical engineering from the University of Virginia,
Charlottesville, in 2004, 2005, and 2008, respectively.

Since 2008, she has been a Research Staff Member in the Broadband and
Mobile Networking Department at NEC Laboratories America, Princeton, NJ.
She is also currently a member of the Adjunct Faculty in the Department of
Electrical Engineering at Columbia University, New York. Her research inter-
ests include advanced modulation, detection and digital signal processing for
high-speed optical transmission, optical-wireless convergence, and next-gener-
ation optical access networks.



