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There has been growing interest in coherent optical orthogonal frequency-
division multiplexing (CO-OFDM). We aim to present the case that the time
for CO-OFDM has come, in terms of the demand from today’s ever-advancing
optical networks and the availability of its underlying technologies. We first
lay out the signal processing aspect for CO-OFDM and then show a 2 X2
multiple-input-multiple-output (MIMO) OFDM representation for the single-
mode fiber optical channel. Through numerical simulation and experimental
demonstration, we further present and discuss various MIMO-OFDM systems
focusing on their polarization-mode dispersion resilience. Among those sys-
tems, the 2X1 MIMO-OFDM configuration incorporating polarization-time
coding shows promise for optical access networks and broadcast networks. Fi-
nally, another class of the frequency-domain equalization techniques, namely,
incoherent or coherent optical single-carrier frequency-domain equalization
(CO-SCFDE) is discussed and experimentally demonstrated. © 2008 Optical
Society of America

OCIS codes: 060.0060, 060.1660, 060.5060.

1. Introduction

Coherent optical orthogonal frequency-division multiplexing (CO-OFDM) has recently
emerged as an attractive modulation format for optical communications [1], and sig-
nificant progress has been made through theoretical analysis and experimental dem-
onstration [2—4]. CO-OFDM brings to optical communications the combination of two
powerful techniques, coherent optical detection and orthogonal frequency-division
multiplexing (OFDM). From the perspective of coherent optical detection in optical
communications, the first wave of the intense interest appeared in the 1980s and
early 1990s, when the coherent detection was viewed as a promising technique to
improve the receiver sensitivity [5—7]. However, the ensuing invention of the erbium-
doped fiber amplifier (EDFA) reduced research on coherent communication to periph-
eral interest. In the early 21st century, the impressive record-performance experimen-
tal demonstration using a differential-phase-shift-keying (DPSK) system [8], in spite
of an incoherent form of modulation by itself, reignited the interest in coherent com-
munications. The second wave of research on coherent communications is highlighted
by the remarkable theoretical and experimental demonstrations from various groups
around the world [9-14]. It is rather instructive to point out that the circumstances
and the underlying technologies for the current drive for coherent communications are
entirely different from those of a decade ago, thanks to the rapid technological
advancement within the past decade in various fields. First, current coherent detec-
tion systems are heavily entrenched in silicon-based digital signal processing for high-
speed signal phase estimation and channel equalization. Second, multicarrier technol-
ogy, which has emerged and thrived in the RF domain during the past decade, has
gradually encroached into the optical domain [1-4,15-20]. Third, in contrast to the
optical system that was dominated by a low-speed, point-to-point, and single-channel
system a decade ago, modern optical communication systems have advanced to mas-
sive wave-division-multiplexed (WDM) and reconfigurable optical networks with a
transmission speed approaching 100 Gbits/s. In a nutshell, the primary aim of coher-
ent communications has shifted toward supporting these high-speed dynamic net-
works by simplifying the network installation, monitoring, and maintenance.
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OFDM has emerged as the leading physical-layer interface in wireless communica-
tions in the past decade. It is a special form of a broader class of multicarrier modu-
lation where a data stream is carried with many lower-rate subcarrier tones [21].
OFDM has been widely studied in mobile communications to combat hostile
frequency-selective fading and has been incorporated into wireless network standards
(802.11a/g WiFi, HiperLAN2, 802.16 WiMAX) and digital audio and video broadcast-
ing (DAB and DVB-T) in Europe, Asia, Australia, and other parts of the world.

The synergies between coherent optical communications and OFDM are twofold.
The coherent system brings OFDM a much needed linearity in RF-to-optical (RTO)
upconversion and optical-to-RF (OTR) downconversion. OFDM brings coherent system
computation efficiency and ease of channel and phase estimation. In spite of the fact
that all the current CO-OFDM experimental demonstrations use off-line signal pro-
cessing [3,4,13,14], the complementary metal-oxide semiconductor (CMOS)
application-specific integrated circuit (ASIC) chips recently demonstrated for single-
carrier coherent systems [22,23] signify that the current silicon speed can support
40 Gbit/s OFDM transmission systems. Because of its superior scalability with the bit
rate of the transmission systems, CO-OFDM is well-positioned to be an attractive
choice of modulation format for the next generation of 100 Gbit/s transmission.

In this paper, we review the progress on CO-OFDM systems as well as present the
latest research results. We first lay out the signal processing aspect of the CO-OFDM
and then show a 2 X 2 multiple-input-multiple-output (MIMO) OFDM representation
for the single-mode fiber optical channel. We further show and discuss the experimen-
tal demonstrations for various MIMO-OFDM configurations. In particular, we carry
out long-haul transmission for the 2xX2 and 1xX2 MIMO-OFDM systems and short-
reach transmission for the 2 X1 MIMO-OFDM systems that may have promise for
optical broadcasting networks. Finally, another class of the frequency-domain equal-
ization (FDE) techniques, namely, incoherent or coherent optical single-carrier
frequency-domain equalization (I0-SCFDE or CO-SCFDE) is discussed and demon-
strated. As such, this paper focuses on signal processing, experimentation, and the
underlying technologies of CO-OFDM, serving as a complement to our recent invited
paper [24], which concentrates on theory and design.

2. Signal Processing for CO-OFDM
Figure 1 shows the conceptual diagram of a generic CO-OFDM system including five
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basic functional blocks [1,25]: RF OFDM transmitter, RTO upconverter, optical link,
OTR downconverter, and RF OFDM receiver. In this paper, the term RF is used inter-
changeably with electrical to signify the physical interface in contrast with that in the
optical domain. The transmission channel linearity is the fundamental assumption for
the OFDM technique. Therefore, the study of the nonlinearity for each functional
block is of critical importance. The RF OFDM transmitter and receiver have been
studied in RF systems [21] and thus will hold the same importance to CO-OFDM sys-
tems. One unique aspect of the CO-OFDM investigation is that it brings new sources
of nonlinearity, including RTO upconversion [25], OTR downconversion, and fiber link
transmission [26]. In this section, we will concentrate on the signal processing aspect
of CO-OFDM and therefore assume perfect linearity in each functional block.

We will trace the signal flow end-to-end and illustrate the signal processing that
arises in each functional block. In the RF OFDM transmitter, the input digital data is
first converted from serial to parallel into a block of bits consisting of N, information
symbols; each may comprise multiple bits for m-ary coding. This information symbol
will be mapped onto the two-dimensional complex signal c¢;;, for instance, using Gray
coding, where c¢;; stands for the mapped complex information symbol. The subscripts
of ¢j; correspond to the sequence of the subcarriers and OFDM blocks, which will be
further defined below. The time-domain OFDM signal is obtained through inverse dis-
crete Fourier transform (IDFT) of ¢;, and a guard interval is inserted to avoid the
channel dispersion [21]. The resultant baseband time-domain signal can be described
as

+%  k=Ng/2
sg®)= >, > cpllt - iT)exp(i2nfi(t —iTy) , (1)
i=—o k=-N/2+1
k-1
fk = ts ) (2)
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where c; is the ith information symbol at the kth subcarrier; f}, is the frequency of the
subcarrier; Ny, is the number of OFDM subcarriers; 7', Ag, and ¢, are the OFDM sym-
bol period, guard interval length, and observation period, respectively; and I1(z) is the
rectangular pulse waveform of the OFDM symbol. The digital signal is then converted
to analog form through a digital-to-analog converter (DAC) and filtered with a low-
pass filter (LPF) to remove the alias sideband signal. The baseband OFDM signal can
be further converted to the RF band through a RF in-phase/quadrature (I/Q) mixer
(not shown). Figure 1 shows the direct upconversion architecture where the RF
OFDM transmitter outputs a baseband OFDM signal. The subsequent RTO upcon-
verter transforms the baseband signal to the optical domain using an optical I/Q
modulator comprising a pair of Mach-Zehnder modulators (MZMs) with a 90° phase
offset. The baseband OFDM signal is directly upconverted to the optical domain given
by

E(t) = exp(jorpit + drp1)sp(t), (4)

where wyp1 and ¢y p1, respectively, are the angular frequency and phase of the trans-
mitter laser. The upconverted signal E(¢) traverses the optical medium with impulse
response A(t), and the received optical signal becomes

E(t) = exp(jorpit + ¢drp1)sp(t) ® h(t), (5)

where ® stands for convolution. The optical OFDM signal is then fed into the OTR
downconverter where the optical OFDM signal is converted to a RF OFDM signal.
Figure 1 shows the direct downconversion architecture where the intermediate fre-
quency (IF) is near DC. The directly downconverted near-DC signal can be expressed
as

r(t) = exp(jwot + AP)ro(t), 1o(t) =sp(t) © h(D), (6)
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Wofr= OLp1 — Wrp2, AP =drp1— drpe, )

where Awyy and A¢ are, respectively, the angular frequency offset and phase offset
between the transmit and receive lasers.

In the RF OFDM receiver, the downconverted near-DC OFDM signal is first
sampled with an analog-to-digital converter (ADC). Then the signal needs to go
through sophisticated three-level synchronization before the symbol decision can be
made. The three levels of synchronization are as follows:

(i) Discrete Fourier transform (DFT) window synchronization where the OFDM
symbol is properly delineated to avoid intersymbol interference.

(i) Frequency synchronization, namely, frequency offset w.g needs to be estimated,
compensated, and, preferably, adjusted to a small value at the start.

(iii1) The subcarrier recovery, where each subcarrier channel is estimated and
compensated.

The detailed discussion of these three synchronizations will be presented in Subsec-
tions 2.B and 2.C. Assuming successful completion of DFT window synchronization
and frequency synchronization, the RF OFDM signal through the DFT of the sampled
value of Eq. (6) becomes

ri = %Ry cp + g, (8)

where r;; is the received information symbol, ¢; is the OFDM symbol phase (OSP) or
common phase error (CPE), h;; is the frequency domain channel transfer function,
and ny,; is the noise. The third synchronization of the subcarrier recovery involves esti-
mation of the OSP, ¢;, and the channel transfer function, ;. Once they are known, an
estimated value of ¢p;, ¢;; is given by the zero-forcing method as

ki
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¢y, is used for symbol decision or to recover the transmitted value c;;, which is subse-
quently mapped back to the original transmitted digital bits.

The above terse description of CO-OFDM signal processing has so far left out the
pilot-subcarrier or pilot-symbol insertion where a proportion of the subcarriers or all
the subcarriers in one OFDM symbol are known values to the receiver. The purpose of
these pilot subcarriers or symbols is to assist the above-mentioned three-level syn-
chronization. Another important aspect of the CO-OFDM signal processing that has
not been discussed is the error-correction coding involving the error-correction
encoder—decoder and the interleaver—deinterleaver [21,27].

2.A. DFT Window Synchronization
Synchronization is one of the most critical functionalities for a CO-OFDM receiver. As
discussed above, it can be divided into three levels of synchronization: DFT window
timing synchronization, carrier-frequency offset synchronization, and subcarrier
recovery. Figure 2 shows the time-domain structure of an OFDM signal consisting of
many OFDM symbols. Each OFDM symbol is comprised of a guard interval and an
observation period. It is imperative that the start of the DFT window, i.e., the obser-
vation period, is determined properly, as an improper DFT window will result in
intersymbol interference (ISI) and intercarrier interference (ICI) [28].

A popular method of window synchronization was proposed by Schmidl and Cox
[29]. In this method, a pilot symbol or preamble is transmitted consisting of two iden-
tical segments, as shown in Fig. 3, that can be expressed as

OFDM Symboal 1 OFDM Symbol 2 OFDM Symbol N
|t i) r L N N Lt}
Ay s Guard Observation Period
Guard Observation Inteival (DFT Window)
Interval Period

Fig. 2. Time-domain structure of an OFDM signal.
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where s,, is the mth digital signal with a random value, when m [1,N,./2]. Assum-
ing a time-invariant channel transfer function A(¢), from Eq. (6) the sampled received
signal will have the form

i = r(mt/Ny) = 10 efomNee 4 (11)

We have assumed that the constant phase crosses the entire OFDM symbol or A¢
equals 0 in Eq. (6). The delineation can be identified by studying the following corre-
lation function [27]:

R,= 2 r;kn+drm+d+Nsc/2' (12)
1

The principle is that because the second half of r,, is identical to the first half
except for a phase shift. Assuming the frequency offset wy is small to start with, we
anticipate that when d=0, the correlation function R,; reaches its maximum value.
The correlation function can be normalized to its maximum value given by

N, /2 N, /2
M(d) = |R4/S4P, Sa= \/ ( > |r?n+d|)( > r?mdwsc/ﬂ). (13)
m=1 m=1

M(d) is defined as the DFT window synchronization timing metric. The timing metric
takes the maximum value at d=0, namely, at the correct timing.

We have conducted a Monte Carlo simulation to confirm the DFT window synchro-
nization using the format of Schmidl and Cox [29] for a CO-OFDM system at
10 Gbits/s under the influence of chromatic dispersion. The OFDM system param-
eters used for the simulation are a symbol period of 25.6 ns, a guard time of 3.2 ns,
and a number of subcarriers of 256. Binary-phase-shift-keying (BPSK) encoding is
used for each subcarrier resulting in a total bit rate of 10 Gbits/s. The linewidths of
the transmitter and receiver lasers are assumed to be 100 KHz each, which is close to
the value achieved with commercially available external-cavity semiconductor lasers
[30]. The optical link noise from the optical amplifiers is assumed to be white Gauss-
ian noise and the phase noise of the laser is modeled as white frequency noise charac-
terized by its linewidth.

Figure 4(a) shows that the timing metric decreases from an ideal value of 1 to ~0.7
when the optical-to-signal-noise ratio (OSNR) is 5 dB. For reference, to achieve a bit
error rate (BER) of 1073, an OSNR of 3.5dB is needed. Both curves at an OSNR of
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Fig. 4. Timing metric for a CO-OFDM system at the chromatic dispersion of (a) 0 and
(b) 30,000 ps/nm.
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infinity and 5 dB show the flat platform of 32 samples corresponding to a 3.2 ns guard
time under no chromatic dispersion. However, at the chromatic dispersion of
30,000 ps/nm [Fig. 4(b)], the flat platform has almost disappeared, indicating that
most of the guard interval has been affected by the cross talk from the neighboring
OFDM symbols. Another consequence is that the timing metric peak is not obvious
any more and multiple peaks may coexist in the timing metric diagram. Further work
on this timing metric in CO-OFDM systems will be reported in a separate publication.

2.B. Frequency Offset Synchronization

The frequency offset in an OFDM system breaks the orthogonality between the sub-
carriers, incurring ICI penalty [28]. We envisage that for CO-OFDM systems, the fre-
quency synchronization process is divided into two phases, frequency acquisition and
tracking, which will be further discussed in Subsections 2.B.1 and 2.B.2.

2.B.1. Frequency Acquisition

Telecommunication lasers are usually locked to an International Telecommunication
Union (ITU) frequency standard through a wavelength locker, but only with an accu-
racy of ~2.5 GHz. This implies that the frequency offset could be anywhere from -5 to
5 GHz. Figure 5 shows the spectrum of the received CO-OFDM signal in relation to
the local oscillator (LO) laser frequency. The excessive frequency offset f ¢ brings two
problems to the CO-OFDM system: (i) the highest RF frequency (f,ax in Fig. 5) of the
RF OFDM signal after direct downconversion is increased by the amount of frequency
offset f.g, for instance, by as much as 5 GHz, and (ii) those signal subcarriers that
happen to overlap with the receiver LO will have degraded performance due to direct
downconversion DC leakage. The former problem leads to excessive RF bandwidth
expansion, therefore increasing the receiver cost. The latter problem may not be a
severe issue for the point-to-point networks where the feedback to the transmitter is
allowed such that the subcarriers with degraded performance will not be filled. But it
will be quite challenging for an optical broadcast network where one CO-OFDM signal
stream will be dropped at multiple points. The local receiver laser frequencies of mul-
tiple users are different if they are not frequency tracked to the transmit laser, and
subsequently there are no common subcarriers that can be unfilled to accommodate
the DC leakage problem. The purpose of the frequency acquisition is to first coarse
estimate the frequency offset and bring the receiver laser approximately within sev-
eral times of the subcarrier frequency spacing, typically approximately 100—500 MHz
from that of the transmit laser. Therefore we believe that coarse frequency
(100—-500 MHz accuracy) control is preferred in CO-OFDM systems in order to sim-
plify the receiver signal processing. There are many frequency acquisition algorithms
that have been proposed in the RF domain, such as the pilot-tone approach [31] or the
shortened repeated DFT approach [32].

In CO-OFDM systems, since the initial frequency offset could be as much as several
gigahertz, the initial acquisition can also be obtained by sending a long-stream CW
signal (tens or hundreds of OFDM symbols) and measuring the frequency of the offset
tone. The error signal is used to control the local laser to bring its frequency close to
that of the transmit laser. After that, the second phase of frequency tracking could be
initiated.

Received OFDM Band
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t
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Fig. 5. Frequency spectrum of the received OFDM signal in relation to the local oscil-
lator laser. fro; and f;ps are, respectively, the transmitter and receiver laser
frequencies.



Vol. 7, No. 3 / March 2008 / JOURNAL OF OPTICAL NETWORKING 240

2.B.2. Frequency Tracking

The purpose of the frequency tracking is to identify the magnitude of the frequency
offset and compensate for it. Again various approaches can be used for this purpose.
We will use the Schmidl and Cox approach for the frequency tracking [29]. From Eq.
(12), we arrive at

Ry= X I}, et 4 o(n), (14)

where o(n) stands for the residual term with the magnitude of the order of the noise
component. It follows from Eq. (14) that the offset frequency can be estimated as

. Af
forr=— 2 (R, (15)
e

where d stands for the estimated DFT window timing and /(R;) stands for the angle
of the complex value of the correlation function of Rj. The accuracy of Eq. (15) can be
improved by sending multiple Schmidl and Cox [29] pilot symbols.

Once the frequency offset is estimated, the received sampled signal will be compen-
sated as

relt) = exp(- j2 it )r(0). (16)
The frequency offset compensated signal r.(¢) can be used for DFT to obtain the

received information symbol r,; in Eq. (8), and subsequent subcarrier recovery for
symbol decision is discussed in Subsection 2.C.

2.C. Subcarrier Recovery: Channel Estimation and Phase Estimation

From the channel model of Eq. (8), there are three factors that lead to the rotations of
the receiver information symbol constellation for r;, and they are (i) the channel dis-
persion that gives frequency-selective dependence across the OFDM spectrum, (ii) the
DFT sampling timing offset that generates a phase term linear with the subcarrier
frequency, and (iii) the phase noises from the transmit and receive lasers. The time
constants for the three factors are different. The first one changes on the time scale of
a millisecond resulting from mechanical movement. In particular, the chromatic dis-
persion (CD) varies in response to the diurnal temperature fluctuation. The
polarization-mode dispersion (PMD) varies due to the mechanical and temperature
fluctuation on the time scale of a millisecond. The second one is caused by the sam-
pling clock rate offset and may need to be reset from every microsecond to tens of
microseconds. The third one comes from the laser phase noise with linewidth ranging
from 100 KHz to several megahertz, which needs to be tracked on a symbol-by-symbol
basis. The factors (i) and (ii) are dealt with through channel estimation. The factor
(iii) is treated through phase estimation and compensation.

We further assume that the signal processing is performed in blocks, each contain-
ing a large number of OFDM symbols. Within each block, the optical channel is
assumed to be invariant, whereas the CPE varies on the OFDM symbol basis. Subse-
quently, the subcarrier recovery includes two baseband signal processings—channel
and phase estimation. There are various methods of channel estimation such as the
time-domain pilot-assisted and the frequency-domain assisted approaches [16,33,34].
We will focus on the carrier recovery based upon frequency-domain pilot carriers or
pilot symbols. Figure 6 shows the two-dimensional time—frequency structure for one
OFDM block, which includes N, subcarriers in frequency and Ny OFDM symbols in
time. The preamble is added at the beginning to realize DFT window synchronization
and channel estimation. The channel transfer function can be estimated as

p
hy= 2 eF4Thiryley, (17)

i=1
where c;; and ry; are, respectively, transmitted and received pilot subcarriers; 2ry, ; is
the angle for the %£;th carrier (an arbitrary reference carrier) in the ith OFDM symbol;
and p is the number of pilot symbols. The additional phase compensation of -2y, ; is
needed to remove the influence of the CPE. The accuracy of ﬁk can be further
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Fig. 6. Time and frequency representation of a block of CO-OFDM signal.

improved if the functional dependence of ﬁk on the subcarrier frequency is known. For
instance, one pilot symbol could be sufficient for chromatic dispersion estimation if a
quadratic function is used to interpolate the channel transfer function. The estimated
channel transfer function has uncertainty of a common phase, which can be included
in the CPE ¢;. The phase estimation is to estimate the CPE ¢; due to the laser phase
noise. We assume that the N, pilot subcarriers are used for phase estimation; thus the
maximum likelihood CPE ¢; can be estimated as

NP
&= arg(E c,;ih;c;i/a,%) , (18)
k=1

where &, is the standard deviation of the constellation spread for the kth subcarrier.
When 6, is assumed to be constant across all the subcarriers, Eq. (18) will reduce to
the least-squares (LS) method [35]. After the channel estimation [Eq. (17)] and the
phase estimation [Eq. (18)], the subcarrier recovery can be completed using Eq. (9), in
essence, to reconstruct the constellation for each subcarrier.

3. Coherent Optical MIMO-OFDM Models

In Section 2, the CO-OFDM signal is modeled as a one-element scalar. However, it is
well known that single-mode fiber supports two modes in the polarization domain.
Each polarization mode travels with a slightly different speed due to PMD and under-
goes different loss due to polarization-dependent loss (PDL). Therefore the complete
CO-OFDM model requires the mathematical description of the two-polarization cou-
pling including these polarization effects as well as the fiber chromatic dispersion. As
shown in [13], such a model in essence is a 2X2 MIMO-OFDM model. The time-
domain signal [13] at the transmit is given by

+o (2N,

M=, X cullt—iT)exp(i2nfi(t —iTy)), (19)

i=— h=—(1/2)Ny,+1

N Sy o cfk
s(t) = (s ) Cip = (cyk>, (20)
y U

k-1
fo= — (21)
1) = 1 (mAg<t=ty) 99
@=10 t=-Agt>t) (22)

where s, and s, are the two polarization components for s(¢) in the time domain; ¢;;, is
the transmitted OFDM information symbol in the form of Jones vector for the kth
subcarrier in the ith OFDM symbol; ¢}, and ¢}, are the two polarization components
for ¢;;; f3, is the frequency for the kth subcarrier; Ny, is the number of OFDM subcar-
riers; and T, Ag, and ¢, are the OFDM symbol period, guard interval length, and
observation period, respectively. The Jones vector ¢;, is employed to describe the
generic OFDM information symbol regardless of any polarization configuration for the
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OFDM transmitter. In particular, the ¢;;, encompasses various modes of the polariza-
tion generation including single polarization, polarization multiplexing, and polariza-
tion modulation, as they all can be represented by a two-element Jones vector ¢;;,. The
different scheme of polarization modulation for the transmitted information symbol is
automatically dealt with during the initialization phase of OFDM signal processing by
sending known training symbols. The received information symbol after proper DFT
window and frequency offset synchronization is given by

Cri =i/ D WTyey, + 1y, (23)
v 1. 1\
T,=]]exp —§Jﬁfk—§az al, (24)
=1
Op(fe) = WCth}Ze/f%Dly (25)

where ¢}, =(c cj',ki)t is the received information symbol in the form of the Jones vec-
tor for the k£th subcarrier in the ith OFDM symbol, ﬁki=(n§‘ nﬁ‘)t is the noise includ-

ing two polarization components, 7', is the Jones matrix for the fiber link, N is the

number of PMD-PDL cascading elements represented by their birefringence vector Bl
and PDL vector a; [36], ¢ is the Pauli matrix vector [36], ®p(f;,) is the phase disper-
sion owing to the fiber CD [1], and ¢, is again the CPE noise owing to the phase noises
from the lasers and RF LO at both the transmitter and receiver [1].

Equations (23)-(25) show a 2X2 coherent optical MIMO-OFDM (CO-MIMO-
OFDM) model relating the two outputs ¢;,* and ¢/’ to the two inputs ¢}, and ¢, with
the physical representation shown in Fig. 7. Such a MIMO model has been widely
investigated to improve the performance of wireless systems [37]. We also note that
an optical MIMO model has been proposed and analyzed in single carrier systems
[38].

There are three other variations of CO-MIMO-OFDM models, namely, 1 X1 single-
input—single-output (SISO)-OFDM, 2 X 1 two-input-single-output (TISO)-OFDM, and
1 X 2 single-input—two-output (SITO)-OFDM [13]. Except for SISO-OFDM, all MIMO-
OFDM variations can be PMD resilient and support coherent detection without opti-
cal polarization tracking. In Section 4, we will present in detail the simulation and
experimental work on the variations of MIMO-OFDM configurations.

4. Simulation and Experimental Study of MIMO-OFDM Systems

The first attempt to take advantage of the OFDM to combat PMD is reported in [2],
exploiting polarization receiver diversity, which in essence is a 1 X2 MIMO-OFDM
system. It shows that the PMD in the installed fiber network can be gracefully miti-
gated without an optical compensator. It is further suggested that it may be advanta-
geous to introduce PMD in the systems to assist the polarization diversity, in order to
mitigate PDL impairment [39]. This may present an intriguing paradigm shift in
studying PMD effects, as before that work [39], the PMD had always been considered
an impairment that should be removed from the fiber as much as possible. The first
experiment with a 1xX2 MIMO-OFDM in the polarization domain was reported in
[13], where a CO-OFDM signal at 10.7 Gbits/s was successfully recovered after 900 ps
differential group delay (DGD) and 1000 km transmission through standard single-
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mode fiber (SSMF) without optical dispersion compensation. A 2xX2 MIMO-OFDM
using direct up—downconversion is reported for 1000 km SSMF transmission at
21.4 Gbits/s [40] and using intermediate frequency up—downconversion is reported for
4160 km transmission of 16 channels at 52.5 Gbits/s [14]. We note that PMD mitiga-
tion using direct-detection optical OFDM has also been proposed and investigated
[27,41,42]. In the remainder of this section, we will present these important results of
coherent optical MIMO-OFDM through simulation as well as experimental work.

4.A. Polarization-Mode Dispersion: Detriment or Benefit?

In this section, we will review the interaction of PMD and PDL in a 1X2 MIMO-
OFDM system. The system parameters for the simulation can be found in [39]. In a
polarization-impaired system, we use outage probability to characterize the system
performance, which is defined as the probability that the Q penalty exceeds a certain
value. Figure 8 shows the outage probability as a function of the Q penalty. A mean
PDL of 5 dB is assumed for all the simulations. We can see that without PMD in the
system, there is a system Q penalty of 4.4 dB at the outage probability of 10-3. How-
ever, if we introduce a mean PMD of 150 ps into the otherwise same system, to main-
tain the same outage probability of 1072, the system penalty is reduced to 3.0 dB for a
10 Gbit/s system, which is a 1.4 dB improvement over the case of no PMD in the fiber
link. A higher bit rate system at 40 Gbits/s further reduces the Q penalty to 2.4 dB
with a PMD of 150 ps, a 2dB improvement over the case of no PMD. This further
improvement is attributed to a higher degree of diversity with a larger number of sub-
carriers for a higher bit rate system. We can see that the PMD in the fiber improves
the system margin for PDL-induced penalty, and the improvement is enhanced for a
higher bit rate system. We also note that a relatively large PMD is needed of the order
of 150 ps to gain the benefit, which usually is not available in the fiber link. One of the
possibilities is to artificially introduce high PMD into the fiber or optical components.
Mitigation of a large PDL in CO-OFDM systems may significantly loosen the PDL
specification for various components and subsequently bring appreciable cost savings.
Finally, the fiber nonlinearity, including self-phase modulation (SPM) and cross-phase
modulation (XPM), will be reduced in PMD-supported CO-OFDM systems as previ-
ously reported for single-carrier systems [43]. Equivalently, the interchannel and
intrachannel OFDM subcarrier four-wave mixing (FWM) can be greatly reduced by a
large phase mismatch between subcarriers in the presence of a large PMD.

The results can be better understood by drawing a comparison with the RF MIMO-
OFDM systems [37]. It is well-known that the performance of MIMO-OFDM in the
space domain can be improved through introduction of the delay spread into the sys-
tem [37]. This is because it will bring frequency selectivity into the channel. Similarly,
introducing the PMD into the MIMO-OFDM channel in the polarization domain will
bring frequency selectivity into the optical channel, and subsequently the performance
is expected to improve. Although whether any PMD and how much PMD should be
reintroduced into the fiber will be influenced by other factors, the work presented here
adopts a fresh angle to explore this old PMD problem. Moreover, this work may be
extremely significant and timely to those carriers who hold a significant amount of old
fiber with large PMD and still wish to upgrade to 40 Gbit/s systems and beyond. Our
findings show these fibers may not be necessarily bad for future high-speed transmis-
sion systems.

4.B. 1 X2 MIMO-OFDM Experiment: Polarization-Diversity Detection
This Subsection and Subsections 4.C and 4.D encompass three variations of optical
MIMO-OFDM systems, each organized to comprise complete experimental setup,
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Fig. 8. Outage probability as a function of Q penalty with varying PMD and data rate.
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OFDM parameter description, experimental results, and associated discussion, which
can be read independently without referring to other sections.

Figure 9 shows the experimental setup for verifying the PMD-supported CO-OFDM
systems using 1xX2 MIMO-OFDM architecture. The OFDM signal is generated by
using a Tektronix arbitrary waveform generator (AWG) as a RF OFDM transmitter.
The time domain waveform is first generated with a Matlab program including map-
ping 2'5—1 pseudorandom binary sequences (PRBSs) into 77 corresponding subcarri-
ers with quadrature phase-shift keying (QPSK) encoding within multiple OFDM sym-
bols, which are subsequently converted into time domain using inverse fast Fourier
transform (IFFT) and inserted with guard interval (GI). The number of OFDM sub-
carriers is 128 and the GI is 1/8 of the observation period. Only the middle 87 subcar-
riers out of 128 are filled, from which 10 pilot subcarriers are used for phase estima-
tion. This filling is to achieve tighter spectral control by oversampling and should not
be confused with the selective carrier filling due to channel fading. The BER perfor-
mance is measured using all 77 data bearing channels. The OFDM digital waveform
of sp(t) [Eq. (1)] is of complex value. Its real and imaginary parts are uploaded into
the AWG operated at 10 GS/s, and two-channel analog signals each representing the
real and imaginary components of the complex OFDM signal are generated synchro-
nously. The so-generated OFDM waveform carries 10.7 Gbit/s data. These two signals
are fed into I and Q ports of an optical I/Q modulator, respectively, to perform direct
upconversion of OFDM baseband signals from the RF domain to the optical domain
[25]. The optical OFDM signal from the I/Q modulator is first inserted into a home-
made PMD emulator and then fed into a recirculation loop, which includes one span of
100 km SSMF fiber and an EDFA to compensate the loss. The advantages of such a
direct upconversion scheme are (i) the required electrical bandwidth is less than half
that of IF counterpart and (ii) there is no need for an image-rejection optical filter
[25]. The launch power into each fiber span is set at —8 dBm to avoid the nonlinearity,
and the received OSNR is 14 dB after 1000 km transmission. At the receive end, the
polarization-diversity detection is employed. We use IF downconversion where the LO
laser frequency is offset with that of the signal laser [3]. The output optical signal
from the loop is first split into two polarizations, each fed into an OFDM OTR down-
converter that includes a balanced receiver and a local laser. The two RF signals for
the two polarizations are then input into a Tektronix time-domain-sampling (TDS)
scope and acquired synchronously. The RF signal traces corresponding to the 1000 km
transmission are acquired at 20 GS/s and processed with a Matlab program as a RF
OFDM receiver. The RF OFDM receiver signal processing involves (1) fast Fourier
transform (FFT) window synchronization using the format of Schmidl and Cox [29] to
identify the start of the OFDM symbol, (2) software downconversion of the OFDM RF
signal to baseband by a complex pilot subcarrier tone, (3) phase estimation for each
OFDM symbol, (4) channel estimation in terms of a Jones vector and Jones matrix,
and (5) constellation construction for each carrier and BER computation.
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Fig. 9. Experimental setup for a 1 X2 MIMO-OFDM in the polarization domain.
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Fig. 10. BER performance of a CO-OFDM signal.

The RF OFDM signal is downconverted to baseband by simply multiplying a com-
plex residual carrier tone in software, eliminating the need for a hardware RF LO.
This complex carrier tone can be supplied with the pilot symbols or pilot subcarriers
as discussed in Section 2. The downconverted baseband signal is segmented into
blocks of 400 OFDM symbols with the cyclic prefix removed, and the individual sub-
carrier symbol in each OFDM symbol is recovered by using FFT.

The associated channel model after removing the phase noise ¢; is given by [39]

-, -
cP = Hyey, +1f;, (26)

where ¢;? is the received OFDM information symbol in a Jones vector for the kth sub-
carrier in the ith OFDM symbol, with the phase noise removed; H,=e/*27WT), is the
channel transfer function; and 7}, is the random noise.

The expectation values for the received phase-corrected information symbols ¢,? are
obtained by averaging over a running window of 400 OFDM symbols. The expectation
values for four QPSK symbols are computed separately by using received symbols ¢,?.
An error occurs when a transmitted QPSK symbol in a particular subcarrier is closer
to the incorrect expectation values at the receiver. The process described here is the
same as finding the channel transfer function H), first and using Eq. (9) for transmit-
ted symbol estimation and decision.

Figure 10 shows the BER performance of the CO-OFDM signal after 900 ps DGD
and 1000 km SSMF transmission. The optical power is evenly launched into the two
principal states of the PMD emulator. The measurements using other launch angles
show insignificant difference. Compared with the back-to-back case, it has less than
0.5 dB penalty at the BER of 1073. The magnitude of the PMD tolerance is shown to
be independent of the data rate [2]. Therefore we expect that the same PMD resilience
in absolute magnitude will hold for 40 Gbits/s if faster ADC-DACs are available at
20 GS/s and above.

4.C. 2X1 MIMO-OFDM Experiment: Polarization-Time Coding for Optical Broadcast
Networks

As we discussed in Section 3, the CO-OFDM systems are in essence a 2X2 MIMO-
OFDM channel. Consequently, it seems to be prohibitively expensive for an access
network. However, the complexity of the receiver structure can be significantly
reduced by employing transmit diversity. This is analogous to the wireless network
where multiple antennas in the base station are used, the system performance is
greatly enhanced without significantly increasing the cost of the mobile user. In the
transmit diversity scheme for CO-OFDM, namely, for a 2 X1 MIMO-OFDM system,
two OFDM transmitters are used, one for each polarization. We send two consecutive
OFDM symbols with orthogonal polarization. By processing the OFDM received sig-
nals properly, both polarization signals can be recovered, without resorting to a
polarization-diversity receiver. Mathematically, the two consecutive OFDM symbols
with orthogonal polarization in the form of Jones vector are given by

61 = (Clx’cly)t? 52 = (_ Ciy,cix)t. (27)

Assume that the fiber transmission Jones Matrix H is
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hxx hx
H-= ( Y ) ) (28)
hyx hyy

To simplify the receiver architecture, only one polarization of the received signal,
along the polarization of the local laser, is detected in the receiver. Without loss of
generality, the x polarization component is assumed to be detected. The two received
scalar OFDM symbols ¢j and ¢, corresponding to transmitted ¢; and ¢; in the x polar-
ization are, respectively,

! ! * *
€1 =Ry Crp+ RyyCryy Co=-— hxxcly +hyel (29)

Solving Eq. (29), we can recover the ¢; as

Cl hxx hxy !
é=H' CH =\ ) (30)
xy x

2 x.

It can be seen from Eq. (30), even though one polarization is detected, that, by
using orthogonal polarization for two consecutive symbols, the two transmitted polar-
ization symbols (cy, and c;,) can be recovered. Because of the complementarity of A,
and h,,, the performance is independent of the polarization rotation and the PMD in
the fiber. This polarization-time coding is equivalent to space-time coding in wireless
systems [44]. This polarization-time coding scheme has been proposed and analyzed
in single-carrier systems [45].

OFDM is inherently spectrally efficient due to the spectral overlapping between
subcarriers, allowing for approximately 6 GHz optical spectrum for 10 Gbit/s data
using QPSK modulation [13]. By using direct up—downconversion architecture, where
the transmitter and receiver lasers are placed at the center frequency of the optical
OFDM spectrum, the electrical bandwidth required for both the transmitter and
receiver is only half the optical spectrum bandwidth, which is 3 GHz for a 10 Gbit/s
system. This is fundamentally different from other modulation approaches where the
electrical bandwidth can be reduced through excessive electrical filtering or through
higher-order modulation, which all will inevitably result in system penalty. This sig-
nifies that the 10 Gbit/s system can potentially use cheap 2.5 GHz components. Addi-
tionally, the receiver sensitivity will be greatly enhanced through coherent detection,
which has been a known fact for more than a decade. Considering all the advantages,
we conclude that CO-OFDM may have a significant role for downstream systems in a
high-speed and long-reach passive optical network (PON) beyond 10-100 Gbits/s,
where the dispersion and receiver sensitivity are of critical importance [46].

Figure 11 shows the experimental setup for verifying the transmitter diversity
scheme for a broadcast network. The OFDM signal is generated by using a Tektronix
AWG as a RF OFDM transmitter. The time domain waveform is first generated with
a Matlab program including mapping 2'°~1 PRBS into 77 corresponding subcarriers
with QPSK encoding within multiple OFDM symbols, which are subsequently con-
verted into the time domain using IFFT and inserted with a GI. The number of
OFDM subcarriers is 128 and the GI is 1/8 of the observation period. Only the middle
87 subcarriers out of 128 are filled, of which 10 pilot subcarriers are used for phase
estimation. The real and imaginary parts of the OFDM waveforms are uploaded into
the AWG operated at 10 GS/s, and two channel analog signals each representing the
real and imaginary components of the complex OFMD signal are generated synchro-
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Fig. 11. Experimental setup for a polarization-diversity transmitter scheme for a
broadcast network.
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Fig. 12. Electrical spectrum for the 10 Gbit/s signal.

nously. The so-generated OFDM waveform carries 10.7 Gbit/s data. These two signals
are fed into the I and Q ports of an optical I/Q modulator, respectively, to perform
direct upconversion of OFDM baseband signals from the RF domain to the optical
domain. The polarization transmit diversity is emulated by using a polarization beam
splitter (PBS) to generate two OFDM streams. The two polarization streams are
delayed with respect to each other by an OFDM symbol period of 14.4 ns and then
combined into one optical signal. We use one span of 100 km to emulate the fiber
plant. At the receive end, OTR direct downconversion is performed. In particular, the
LO laser center frequency is tuned approximately to that of the incoming signal, and
both the signal and LO are fed into an optical 90° hybrid. The I/Q optical signals are
then input into two balanced detectors. A single detector has been shown to have
almost the same performance [10]. The two RF signals from the photodetectors are
then input into a Tektronix TDS scope and are acquired at 20 GS/s and processed
with a Matlab program. No phase-locking and polarization control between the LO
and signal are needed. The RF OFDM receiver signal processing again involves (i)
FFT window synchronization using the format of Schmidl and Cox [29] to identify the
start of the OFDM symbol, (ii) software downconversion of the OFDM RF signal to
baseband to remove residual frequency offset, (iii) phase estimation and channel esti-
mation, and (iv) constellation construction for each carrier and BER computation. The
channel matrix H is estimated by sending 50 OFDM symbols. The OFDM symbols are
partitioned into four groups with proper coding similar to Eq. (27), resulting in two of
the four OFDM symbols with orthogonal polarizations, which are subsequently mea-
sured for system performance.

Figure 12 shows the electrical spectrum for the received 10 Gbit/s signal. The
OFDM spectrum is tightly bounded within 3 GHz. More importantly, although our
system shows 3 dB roll-off at 3 GHz, it does not seem to affect the performance, as the
OFDM spectrum is limited to only 3 GHz. Such a high spectral efficiency will prove
critical for future high-speed access networks. Figure 13 shows receiver sensitivity
without an optical amplifier after 100 km transmission at 10 Gbits/s. It is expected
that the OFDM signal may have an error floor of 1076 because of intentional clipping.
Subsequently, error correction is required for OFDM systems. We perform measure-
ment at the BER of 107! to 10%. The lower end of the BER is limited by the number
of OFDM symbols processed (approximately 500 each time). We do not see much pen-
alty after 100 km transmission. This is expected as much longer transmission has
been demonstrated without optical dispersion compensation but with a more sophisti-
cated polarization-diversity receiver [13,14]. This implies that CO-OFDM could enable
much longer reach. We also note that in the experiment, the polarization in the link is
free running and the system is immune to the polarization rotation in the link due to
the polarization-diversity transmitter.
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Fig. 13. Receiver sensitivity.
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4.D. 2X 2 MIMO-OFDM in the Polarization Domain
Two polarization modes supported in the fiber present an attractive avenue to double
the fiber capacity. In this subsection, we will show the 2 X2 MIMO-OFDM transmis-
sion that achieves the doubling of the system capacity without sacrificing the receiver
sensitivity. Figure 14 shows the 2X2 coherent optical MIMO-OFDM (CO-MIMO-
OFDM) system. The time-domain digital waveform is first generated with a Matlab
program including mapping 2!°-1 PRBS into 87 corresponding subcarriers with
QPSK encoding within multiple OFDM symbols, which are subsequently converted
into the time domain using IFFT and inserted with a GI. The OFDM symbol period is
12.8 ns and the GI is 1.6 ns. The digital waveform is expressed by a complex value,
and its real and imaginary parts are uploaded into a Tektronix AWG operated at
10 GS/s per channel. Oversampling is done by filling 87 subcarriers out of 128. Of
them, 10 are reserved for pilot subcarriers. Each signal processing includes at least
500 OFDM symbols. An optical I/Q modulator is used for direct upconversion. The
two transmitters are emulated as follows: The single-polarization optical OFDM sig-
nal at the output of the I/Q modulator is first evenly split into two polarization
branches with a PBS, with one branch delayed by one OFDM symbol period, i.e.,
14.4 ns in this experiment. The two polarization branches are subsequently combined,
emulating two independent transmitters, one on each polarization, resulting in a com-
posite data rate of 21.4 Gbits/s. The signal is then launched into a recirculation loop,
which includes one span of 100 km SSMF and an EDFA to compensate the loss. The
optical signal from the loop is tapped off and fed into a PBS for the polarization-
diversity coherent receiver. Each branch of the splitter is mixed with a local laser with
an optical 90° hybrid, and the I and Q ports from the optical 90° hybrid are used for
direct downconversion. Both transmit and receive lasers in this experiment are
external-cavity lasers and have a laser linewidth of approximately 100 kHz. The fre-
quency offset of the two lasers is set to near DC. The baseband signal from the bal-
anced receivers is then fed into a Tektronix TDS scope operated at 20 GS/s. The data
trace recorded in a TDS scope is loaded into a computer and processed with a Matlab
program as an OFDM receiver.

Figure 15(a) shows the back-to-back BER performance for 10.7 Gbit/s single-
polarization OFDM and 21.4 Gbit/s 2 X2 MIMO-OFDM. Both cases are demonstrated
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Fig. 15. (a) Back-to-back BER curve for 10.7 and 21.4 Gbit/s signals; (b) BER sensitiv-

ity for 2 X2 MIMO OFDM back-to-back and 1000 km transmission.
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with direct up—downconversion. We can see that 21.4 Gbit/s 2 X2 MIMO-OFDM intro-
duces ~3 dB penalty compared with 10.7 Gbit/s single polarization. This is because
the data rate for MIMO-OFDM is doubled, without increasing the required electrical
bandwidth. Figure 15(b) shows the performance of a 21.4 Gbit/s MIMO-OFDM signal
after 1000 km transmission. The launch power into the loop is selected to be -5 dBm.
It is observed that the two polarizations have almost the same performance at back-
to-back transmission while their performance has a difference of 1dB at 1000 km
transmission. This mismatch may be caused by imperfect channel estimation.

5. Single-Carrier or Multicarrier: An Optical Debate

We have so far limited our discussion to multicarrier frequency-domain equalization
signal processing, which can be generalized to be one method of FDE. Although
OFDM has gained popularity in the past decade and has been widely implemented in
numerous communication standards, there has been on-going debate about which is
superior, OFDM and SCFDE [47,48]. OFDM has two fundamental problems, which
have been disapproved by the SCFDE camp, which are (i) large peak-to-average-
power ratio (PAPR) and (ii) sensitivity to phase noise. The SCFDE has to a large
extent avoided these two problems. We would like to point out that the SCFDE here
should not be confused with single-carrier time-domain equalization (SCTDE) based
on a finite-impulse-response (FIR) filter [10-12]. As we will illustrate below, SCFDE
more resembles OFDM in signal framing structure and signal processing that heavily
relies on FFT-IFFT. We anticipate that a similar debate of “OFDM or SCFDE?” will
spread to the optical domain.

In this section, we first describe in detail the configurations of CO-SCFDE and
IO-SCFDE. We use incoherent here to refer to optical direct detection. In spite of
higher complexity, CO-SCFDE has advantages over IO-SCFDE in spectral efficiency,
PMD resilience, and OSNR sensitivity. Thus we focus our attention on CO-SCFDE
and present the first experiment of CO-SCFDE transmission over 1000km at
9.4 Gbits/s.

Similar to the CO-OFDM system, a generic optical SCFDE (O-SCFDE) has five
functional blocks as shown in Fig. 16. The major differences between O-SCFDE and
O-OFDM systems are twofold: (i) the IDFT for SCFDE is located in the receiver
instead of the transmitter and (ii) the symbol decision for SCFDE is made in the time
domain instead of the frequency domain. Other than that, the O-SCFDE and
O-OFDM look similar in terms of frame structure and signal equalization. However,
because IDFT is performed in the receiver, the PAPR due to the IDFT is avoided at
least at the start of the optical link. Second, since the decision is made for each bit in
the time domain, the phase noise requirement of CO-SCFDE is less stringent than
that of CO-OFDM.

Figure 17 shows the spectral allocation for IO-SCFDE and CO-SCFDE. In
IO-SCFDE systems, the main optical carrier is offset with the main QPSK spectrum
[Fig. 17(a)]. The QPSK spectrum may need spectral shaping so that its spectrum is
narrowing up. The direct-detected signal gives the QPSK RF spectrum at IF [Fig.
17(b)]. In contrast, in CO-SCFDE systems, only the QPSK optical spectrum needs to
be transmitted [Fig. 17(c)] with the main subcarrier completely suppressed. Figure
17(d) shows the coherently detected signal spectrum for either the I or @ component.
It can be seen that CO-SCFDE has better optical and electrical spectral efficiency
than IO-SCFDE. Additionally, CO-SCFDE is superior in OSNR sensitivity due to
coherent detection. Similar to CO-OFDM, CO-SCFDE with a polarization-diversity
receiver leads to PMD and polarization rotation-resilient transmission. Therefore we
limit the discussion to the coherent flavor of SCFDE.
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Fig. 16. Conceptual diagram of an optical SCFDE (O-SCFDE) system.
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ponent. In CO-SCFDE, direct up—downconversion is assumed. QPSK modulation is
used for both IO-SCFDE and CO-SCFDE.

Figure 18 shows the experimental setup for CO-SCFDE transmission using direct
up—downconversion architecture. The experimental setup is similar to our previous
work [13]. At the transmit side, an AWG at 10 GS/s generates the real and imaginary
components of the QPSK signal to drive an optical I/Q modulator [13]. A recirculating
loop consisting of one span of 100 km SSMF and an optical amplifier is used for long-
haul transmission emulation. At the receive side, direct downconversion is employed
by using an optical hybrid, two balanced receivers and a local oscillator laser. The
polarization of the local laser is manually aligned to that of the incoming optical sig-
nal. The two outputs from the receivers representing I/Q components are sampled by
a real-time sampling scope at 20 GS/s. The sampling traces are uploaded into a com-
puter for signal processing. Note the maximum bit rate is limited by the bandwidth
and sampling rate of AWG.

At the transmit side, the QPSK waveform is first generated digitally and grouped
by 128 QPSK symbols per block (or frame). The cyclic prefix, 1/16 of one block, is then
inserted for each block. Additional sequences for frame synchronization and channel
estimation are also inserted. There are many methods of performing channel estima-
tion and the basic idea is to transmit a known sequence as preamble [49], and in this
work we use the Chu sequence that has a flat magnitude in both the time and fre-
quency domains [47,49]. The digital waveform is uploaded on AWG and converted into
a time-domain analog waveform with two samples per symbol. The effective bit rate is
9.4 Gbits/s, given that the sampling rate is 10 GS/s. Note that the AWG may be
replaced with conventional pattern generators since the digital waveform has only a
few discrete levels.

At the receive side, the downconverted RF signal is first processed for the frame
synchronization, namely, DFT window synchronization as in OFDM systems. The
sequence is converted to the frequency domain through DFT, where the channel esti-
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Fig. 18. Experimental setup for CO-SCFDE transmission using direct up-—
downconversion architecture.
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mation is conducted by comparing the transmitted and received Chu sequence [49].
After channel compensation and channel equalization, the signal is converted back to
the time domain through IDFT. We then resample the sequence to one sample per
symbol and carry out the phase estimation in the time domain, which is based on the
Mth power-law method. The signal stream is grouped as blocks a manner similar to
OFDM symbols.

We first measure the nonlinearity tolerance of single-carrier transmission by vary-
ing the launch power into each span. Figure 19 shows the measured Q factors at 500
and 1000 km. For the 500 km transmission, the maximum Q factor is achieved at
~1 dBm launch power. For the 1000 km transmission, the optimum launch power is
approximately —3 dBm.

Figure 20(a) shows the RF spectrum measured after 1000 km transmission. The
spectrum is simply that of a standard 10 Gbit/s QPSK signal. Figure 20(b) shows the
BER measurement results after 1000 km transmission. At lower launch power, the
system still has less than 2 dB of OSNR penalty, which may come from the imperfect
channel estimation and compensation. When the launch power is —0.1dBm, the
OSNR penalty is ~3 dB.

It can be seen that CO-SCFDE can achieve almost the same transmission perfor-
mance of CO-OFDM. Let us briefly compare the CO-SCFDE and CO-OFDM in the fol-
lowing aspects:

(a) Computation complexity. The computation complexity of CO-SCFDE involving
DFT and IDFT is the same as CO-OFDM, which scales as

Cbit o logZ(Nsc), Nsc = QDB, (31)

where Cy;; is the computation complexity defined as the number of multiplications
required per bit, N, is the number of subcarriers in CO-OFDM or the number of
points used in DFT-IDFT in each CO-SCFDE block, D is the accumulated channel
CD, B is the baud rate, « is the proportional constant. It is of importance to point out
that for SCTDE systems [10-12,22] based on FIR equalization, the computation com-
plexity scales as [10,12]

Cyi = DB2. (32)

It can be seen that both OFDM and SCFDE are much superior to SCTDE in their
scalability with both dispersion and bit rate. For this particular reason, we believe
that CO-OFDM and CO-SCFDE are attractive choices of modulation format for next-
generation 100 Gbit/s Ethernet transmission.

(a) (b)
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Fig. 20. (a) RF spectrum of the received CO-SCFDE signal and (b) BER sensitivity
with varying launch powers.
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(b) System nonlinearity. Although the CO-SCFDE is superior in the electrical
OFDM transmitter design due to smaller PAPR and less fiber nonlinearity at the start
of the fiber link, the difference will diminish considering that the fiber link may not be
chromatic dispersion compensated, and the PAPR will regrow in CO-SCFDE systems.
By using proper clipping, or pre- or post-linearity compensation [13,50], we anticipate
that the difference between CO-SCFDE and CO-OFDM is insignificant.

(c) Bit and power loading. One of the major advantages for CO-OFDM is the ability
of frequency-domain management at the transmitter, involving bit and power loading.
How this capability is to be exploited in the optical domain is of great research inter-
est. Because coherent direction is used in both schemes, the channel response is a
superposition of the electrical channel and the optical channel. Therefore, any severe
fading from either the RF or the optical channel can be effectively mitigated through
bit and power loading in CO-OFDM systems.

(d) Spectral efficiency. The CO-OFDM spectrum is inherently tighter than SCFDE.
This suggests that both electrical and optical filters are easier to produce and the pen-
alty as a result of tight spectral filtering is much less in CO-OFDM than in
CO-SCFDE.

(e) Sampling rate. The SCFDE sampling rate is preferred to be double the baud
rate, as it is sensitive to the sampling phase for a lower sampling rate. Although resa-
mpling can resolve this problem, it requires precise timing alignment, and also resa-
mpling is computation intensive. In CO-OFDM, oversampling is simply done by not
filling the edge subcarriers in order to tight bound the signal spectrum [13], and
therefore only 10%—-20% oversampling is sufficient.

(f) Subcarrier or bandwidth allocation for performance monitoring and multiaccess.
It is a great advantage to place DFT in the transmitter for CO-OFDM systems. The
ability and flexibility to allocate a certain number subcarriers for channel estimation
and performance monitoring will prove to be an attractive feature for CO-OFDM. For
instance, this leaves the option of grouping a band of subcarriers for monitoring,
which can be easily detected without processing the entire spectrum. Similarly, the
grouping of subcarriers allows for the dynamic bandwidth allocation for multiaccess
networks using the orthogonal frequency-domain-multiple-access (OFDMA) scheme
[20]. All these are difficult to achieve for the CO-SCFDE system.

6. Matching the Design to the Technology

All the studies so far on CO-OFDM have been proof of concept in nature, either in the
form of theoretical analysis or the experimental demonstration using off-line process-
ing [3,4,13,14]. Nevertheless, a technological analysis in conjunction with those stud-
ies is able to reveal what the current and emerging technologies will entail for
CO-OFDM implementation. In this section, we will list the components or subsystems
required for the design of 40 Gbit/s CO-OFDM, based on recent theoretical analysis
and experimental demonstration, and show how they match with today’s technology.

(a) Optoelectronic components. From the 2 X2 MIMO-OFDM experiment in Subsec-
tion 4.D, the transmit and receive bandwidth required for 40 Gbit/s CO-OFDM is
~6 GHz. These components are commercially available including an optical 1/Q
modulator, balanced photodiodes, and an associated linear RF amplifier driver and
post RF amplifier.

(b) Optical components. The optical components required for 2x2 MIMO-OFDM
include lasers, a 90° optical hybrid, and a polarization beam combiner—splitter. The
linewidth for the transmit and receive laser is preferably in the range of 100 kHz,
which is already in mass production by Intel. More advanced algorithms may relax
the linewidth requirement to 1 MHz and above [4], similar to single-carrier systems.
The 90° optical hybrid can be constructed using fused fiber technology, implying a
potentially cost-effective solution [10]. There had been significant effort for integrated
coherent circuits more than a decade ago, for instance, [51] reported an optical coher-
ent receiver module that includes an optical 90° hybrid fabricated by the planar light-
wave circuit (LC) technique, two twin p-i-n photodetectors, and two DC-coupled
preamplifiers. We believe this photonic integration circuit (PIC) will greatly accelerate
the acceptance of CO-OFDM systems through integrating a PBS, an optical hybrid, a
balanced receiver, and LO lasers in one or multiple PIC chips.

(c) Signal processing elements. CO-OFDM requires a digital signal processing
(DSP) chip with an IFFT-FFT engine and DAC-ADC elements. Although no commer-
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cial DAC-ADC chips provide 6 GHz bandwidth, the recent progress made in the high-
speed CMOS ASIC chips is very encouraging [22]. In that report, the signal processing
chip including both DSP and DAC-ADC contains 20 X 108 gates, four six-bit ADCs at
20 Gbits/s, operating at 12 tera operations per second on a 90 nm platform [22]. Since
the computation complexity of CO-OFDM is lower than the FIR-filter-based single-
carrier scheme [52], it is reasonable to conclude that the current silicon technology
suffices to support 40 Gbit/s CO-OFDM systems. It is noted that signal processing in
CO-OFDM is riding on Moore’s law. Given the fact that Intel will soon produce their
next-generation Penryn CPUs from their forthcoming 45 nm manufacturing process
based on high-%£ technology [53], the CMOS ASIC chip for CO-OFDM can potentially
migrate to the same process in the near future. In so doing, the energy consumption of
45 nm processing is approximately 1/8 of 90 nm processing, assuming the same num-
ber of operations per second needed for the chip, or the capability of the chip, namely,
the number of operations per second for the chip, will increase eightfold due to the
increase of the switching speed as well as a greater number of gates that can be
placed on chip, assuming the same size for the chip. The silicon technology rapidly
advancing well into the next decade will no doubt fuel this unmistakable trend in
optical communications so that more and more functionalities will be shifted to these
high-speed CMOS chips.

7. Conclusion

In this paper, we have reviewed the progress on CO-OFDM systems as well as pre-
sented the latest research results. We first laid out the signal processing aspect of the
CO-OFDM and then showed a 2 X2 multiple-input-multiple-output OFDM (MIMO-
OFDM) representation for the single-mode fiber optical channel. We further showed
and discussed experimental demonstrations for various MIMO-OFDM configurations.
In particular, we carried out long-haul transmission for the 2X2 and 1x2 MIMO-
OFDM systems and short-reach transmission for the 2 X 1 MIMO-OFDM systems that
may have promise for optical broadcasting networks. Finally, another class of the
frequency-domain equalization (FDE) technique, namely, incoherent or coherent opti-
cal single-carrier frequency-domain equalization (IO-SCFDE or CO-SCFDE) was dis-
cussed and demonstrated.
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