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Abstract—We propose a modular scalable long-haul archi-
tecture supporting variable-bandwidth channels with bit rates
from 100 Gbit/s to beyond 1 Tbit/s. Colorless transceivers have
two operating modes. One transceiver can transmit/receive a
conventional narrow-band channel occupying a 30-GHz band-
width and conveying 100 Gbit/s, or a set of transceivers can
cooperate to transmit/receive a wideband channel occupying an

-GHz bandwidth and conveying roughly 160 Gbit/s
per 50 GHz (assuming polarization-multiplexed quaternary
phase-shift keying). A colorless wavelength-selective switch sup-
ports two modes of add/drop (or (de)multiplexing) operation. It
can add/drop narrow-band channels (each from/to one port) with
minimal loss, or can add/drop wideband channels (each from/to

ports) without spectral gaps, with an additional loss not ex-
ceeding 1/3 ( dB), independent of . Transceivers can use
either single-carrier modulation or orthogonal frequency-division
multiplexing (OFDM). We analyze and simulate OFDM-based
systems to determine key design requirements, especially for
synchronization of cooperating transceivers. A representative
design achieves 1520-km reach with 1.4-dB margin in a disper-
sion-managed network using only erbium-doped fiber amplifiers,
improving average spectral efficiency from about 2 to nearly
3 bits/s/Hz.

Index Terms—Coherent detection, communication system per-
formance, flexible bandwidth, long-haul systems, multicarrier
optical systems, optical orthogonal frequency-division multi-
plexing (OFDM), ROADM, superchannels, terabit channels,
variable bandwidth channels, variable rate, wavelength-selective
switch (WSS).

I. INTRODUCTION

C URRENT long-haul systems using 50-GHz channel
spacing transmit 100 Gbit/s per channel using polariza-

tion-multiplexed quaternary phase-shift keying (PM-QPSK),
achieving a spectral efficiency of 2 bits/s/Hz. Because of spec-
tral gaps caused by (de)multiplexers and wavelength-selective
switches (WSSs), most current systems use symbol rates
of about 29–32 GHz, wasting about a third of the available
bandwidth. As Internet traffic grows, demand is emerging
for channels carrying higher bit rates, such as 400 Gbit/s and
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1 Tbit/s. Higher order modulation can increase spectral effi-
ciencies and bit rates without increasing symbol rates. Because
of higher signal-to-noise ratio (SNR) requirements and limits
imposed by fiber nonlinearity, however, long-haul spectral effi-
ciencies and bit rates can be doubled (using PM-16-QAM), but
probably not quadrupled without decreasing reach substantially
(this would require using PM-64-QAM). Increasing the symbol
rate and channel spacing can increase the per-channel bit rate
(and slightly increase the spectral efficiency), but this approach
is limited by the bandwidths of optoelectronic and electronic
transceiver components.
These issues have motivated research on “superchannels,”

which are collections of constituent channels that are individu-
ally modulated and detected, and are wavelength-division mul-
tiplexed (WDM) with little or no guard band. This approach en-
ables channels far wider than those that can be processed by in-
dividual transceivers, increasing both spectral efficiencies and
per-channel bit rates. Superchannels have been demonstrated
using either single-carrier (SC) modulation or coherent optical
orthogonal frequency-division multiplexing (CO-OFDM).
Two different superchannel approaches are based on SCmod-

ulation. In NyquistWDM [1], [2], constituent channels are spec-
trally shaped by optical filtering so they occupy a bandwidth
close to the symbol rate, in order to minimize intersymbol inter-
ference (ISI) and intercarrier interference (ICI). Nyquist WDM
requires frequency-locked optical carriers and tight filtering at
the receiver in order to reduce ICI. The received signals are sam-
pled at a rate of two samples per symbol and digital equalization
is used to compensate for ISI caused by dispersion. In no-guard-
interval coherent optical OFDM (NGI-CO-OFDM), also called
all-optical OFDM [3]–[8], the symbol rates and spacing of con-
stituent channels are precisely matched, and constituent chan-
nels have precise symbol and carrier phase synchronization, so
they are mutually orthogonal in the absence of dispersion. Re-
ceived signals are sampled at a rate at least four times the con-
stituent channel symbol rate, and digital equalization is used
to compensate for ISI and ICI caused by dispersion. In pre-
vious NGI-CO-OFDM work, a recirculating frequency shifter
(RFS) has been used to generate a comb of phase-locked car-
riers, which are separated by a fixed demultiplexer and modu-
lated to form constituent channels. This approach is efficient for
transmitting a superchannel of fixed bandwidth at a fixed center
wavelength, but limits tunability and flexibility.
Alternatively, superchannels can be formed from constituent

channels modulated by CO-OFDM [9]–[11], which are de-
tected and generated in the digital domain using the discrete
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Fig. 1. Optical network with variable-bandwidth channels. Only west-to-east traffic is shown for simplicity.

Fourier transform and its inverse. The spacing between con-
stituent OFDM channels is precisely equal to a multiple of the
subcarrier spacing and, with a sufficiently long cyclic prefix,
ISI and ICI can be avoided, even in the presence of dispersion.
Previous studies generated CO-OFDM superchannels using a
bank of lasers (or an RFS) with a single modulator, but did not
fully address the symbol and carrier synchronization required
for practical data transmission, particularly in a tunable flexible
architecture.
In this paper, we propose a system architecture allowing

superchannel bit rates to scale with traffic demands from 100
Gbit/s to over 1 Tbit/s (assuming PM-QPSK). Transceivers are
colorless and operate at symbol rates not higher than 50 GHz,
with sampling rates only slightly higher than the symbol rate.
In one operating mode, each transceiver can transmit/receive
a channel about 30 GHz wide, conveying 100 Gbit/s, at any
wavelength. In another operating mode, transceivers can
cooperate to transmit/receive a superchannel occupying any
contiguous 50-GHz slots, conveying roughly 160 Gbit/s per
50 GHz. Cooperative transceiver operation avoids the need for
dedicated superchannel transceivers that can process the full su-
perchannel bit rate, which might be significantly underutilized,
especially during early phases of network build-out. While
the transceivers can use either SC modulation or CO-OFDM,
in this paper, we study CO-OFDM in detail. The architecture
includes the carrier frequency and clock references required
to synchronize cooperating transceivers. A colorless WSS
supports two modes of operation on each add/drop port. It can
add/drop narrow-band channels (from/to one add/drop port)
with minimal loss, or can add/drop wideband channels (from/to
add/drop ports) with an additional loss not exceeding 1/3

( dB), independent of .

This paper is organized as follows. In Section II, we describe
the variable-bandwidth network architecture and the dual-mode
WSS design. In Section III, we analyze the performance of
dual-mode CO-OFDM transceivers in the presence of various
impairments and establish synchronization requirements for the
cooperative superchannel mode. We also present an exemplary
system design, evaluating its performance in nonlinear fiber
transmission. In Section IV, we consider a model network,
comparing fixed- and variable-bandwidth architectures in terms
of spectral efficiency and transceiver utilization. We present
conclusions in Section V.

II. VARIABLE-BANDWIDTH NETWORK

A. Variable-Bandwidth Channels

Fig. 1 shows an example of the proposed network architec-
ture using variable-bandwidth channels. Each node uses color-
less dual-mode transceivers, each of which can modulate/de-
modulate signals over a bandwidth up to 50 GHz and is tunable
to any wavelength within a band (e.g., the band). A single
transceiver can modulate/demodulate a narrow-band channel,
occupying about 30 GHz within a 50-GHz slot, and conveying
a bit rate of about 100 Gbit/s. Alternatively, a collection of
transceivers can cooperate to modulate/demodulate a wideband
channel, which occupies contiguous 50-GHz slots, where

. Allowing for guard bands of about 10 GHz at
the lower and upper extremes, a wideband channel uses a band-
width of about

(1)
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Fig. 2. Generation and multiplexing of narrow-band and wideband channels at node 1 of Fig. 1 using colorless dual-mode transceivers and a colorless dual-mode
WSS.

and conveys a bit rate of roughly 160 Gbit/s per 50 GHz.1 In
Fig. 1, at a particular time instant at node 1, three transceivers
cooperate to transmit wideband channel ABC, while a fourth
transceiver transmits narrow-band channel E. At node 2, wide-
band channel ABC passes through, narrow-band channel E is
dropped, and narrow-band channel D is added in its place. At
node 3, wideband channel ABC and narrow-band channel D ter-
minate.
Fig. 2 shows how channels are modulated and multiplexed at

node 1 of Fig. 1. In particular, three transceivers modulate wide-
band subchannels A, B, and C. The lower and upper subchan-
nels (A and C) have guard bands of about 10 GHz at the upper
and lower extremes, while the interior subchannel (B) occupies
nearly the full 50 GHz. A colorless dual-mode WSSmultiplexes
these subchannels without spectral gaps to form the wideband
channel ABC. A detailed explanation of the dual-mode WSS is
given in Section II-B.
In order for the subchannels comprising a wideband channel

to be orthogonal, their carrier frequencies and symbol clocks
must be synchronized. At each node, a carrier frequency refer-
ence comb and symbol clock reference are broadcast to all trans-
ceivers, and each transceiver locks its transmit laser to a comb
frequency. The frequency comb is not demultiplexed into car-
riers to be modulated, which is a key to enabling colorless trans-
ceivers. Carrier and clock references at different nodes need
not be mutually synchronized. Further details of the carrier and
clock references and tolerable synchronization errors are given
in Sections III-C and III-D.
Because of synchronization requirements and WSS con-

straints, all the subchannels comprising a wideband channel
must originate at one node on contiguous WSS ports. Typically,
these subchannels terminate together at another node.

1WSS characteristics determine the required guard bands and thus the occu-
pied bandwidths, which are adjusted by changing the number of used subcar-
riers in the CO-OFDMmodulation. The bit rates assume PM-QPSK, and can be
increased by using higher-order modulation. Precise guard bands, signal band-
widths and bit rates are given in Section III-E.

B. Colorless Dual-Mode WSS

The variable-bandwidth network shown in Fig. 1 requires a
WSS that can add/drop each narrow-band channel from/to a
single add/drop port and also add/drop subchannels from/to
add/drop ports, without spectral gaps. Both functions can be

performed using liquid crystal-on-silicon (LCOS) WSS designs
[12]–[14]. The first function (analogous to an arrayed wave-
guide grating) could, in principle, be performed by an LCOS
WSS without loss, although losses of about 5 dB are caused by
diffraction and imperfect fiber-to-fiber coupling in typical de-
vices [12]. The latter function (analogous to a star coupler) could
be performed by setting the switching segments for the sub-
channels to split light among add/drop ports. This would lead
to an additional loss of ( dB), which increases
with . Likewise, as increases, this would require reducing
the pixel pitch in the LCOS spatial light modulator (SLM).
In order to minimize the loss for WB channels, we propose

a colorless LCOS WSS in which each add/drop port has two
distinct operating modes. The narrow-band mode is used to
add/drop one NB channel from/to a single add/drop port,
and operates like a conventional LCOS WSS. The wideband
mode is used to add/drop the subchannels comprising an

-GHz wideband channel from/to add/drop ports,
without spectral gaps. In the wideband mode, unlike a con-
ventional LCOS WSS, the additional loss is 1/3 ( dB),
independent of . In principle, when , the wideband
loss of the dual-mode WSS may be lower than that of a con-
ventional WSS used in combination with an ideal power
splitter. The wideband mode requires all of the subchannels
to be added/dropped on physically contiguous add/drop fiber
ports.
We note that the dual-mode WSS supports pass-through (ex-

pressing) of arbitrarily wide bands of spectrum, without gaps,
just like a conventional LCOS WSS [12]–[14].
Wideband add and drop functions are performed in a recip-

rocal manner, so in order to explain the wideband mode most
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Fig. 3. Beam paths within the WSS at node 3 of Fig. 1. For simplicity, the express port is not shown, and only four drop ports are shown. On the SLM,
and denote the switching segments at the frequencies of (sub)channels A, B, C, and D, respectively. At drop ports 2, 3, 4, and 5, the subscripted labels

denote the orders diffracted from the switching segments. For example, denotes the order diffracted from switching segment .

clearly, we will describe how the dual-mode WSS at node 3 in
Fig. 1 demultiplexes wideband channel ABC into subchannels
A, B, and C.
Fig. 3 shows beam paths within the WSS. Light from input

port 1 is resolved by a ruled grating into its frequency compo-
nents, which are incident upon an LCOS SLM. The SLM is sub-
divided into switching segments, whose width equals

(2)

where is the ruled grating angular dispersion, is the
Fourier lens focal length, and is the subchannel frequency
spacing (here, 50 GHz). The SLM switching segments are la-
beled by the nominal center frequencies of the (sub)channels,
, , , and . On switching segment , a linear phase

ramp steers narrow-band channel D to drop port 2. On switching
segments , , and , linear phase ramps steer wideband
subchannels A, B, and C toward drop ports 3, 4, and 5. On these
same switching segments, square-wave phase patterns are su-
perposed on the linear ramps, splitting the beams equally into
three diffraction orders, , causing each to fall
onto three contiguous drop ports.
Fig. 4 shows schematically the phase patterns applied to these

switching segments (switching segments , , and em-
ploy different phase ramp slopes).
In order for the three diffraction orders to fall precisely onto

three contiguous ports, the spacing between the ports must
be equal to

(3)

Here, is the first-order diffraction angle from the square-
wave phase pattern on the LCOS SLM, given by ,
where is the optical wavelength and is the square-wave
period. Presumably, condition (3) can be satisfied by existing
LCOS WSS designs capable of splitting signals between mul-
tiple add/drop ports [12]–[14].

Fig. 4. Phase patterns applied to LCOS SLM switching segments to split and
steer subchannels of a wideband channel. “SW” and “PR” denote “square wave”
and “phase ramp,” respectively.

WSS simulation has been performed using a commercially
available physical optics software package (DIFFRACT [15]).
The LCOS SLM is modeled by an externally generated reflec-
tive phase mask that is imported into DIFFRACT.
Fig. 5 shows the intensity transfer functions from input port

1 to drop ports 2, 3, 4, and 5.
At port 2, intended for narrow-band channel D, the transfer

function includes the desired passband for channel D,
which is steered to port 2 by switching segment . This pass-
band exhibits significant rolloff at the nominal band edges at

and 125 GHz, because portions of the beam
diffracted from the ruled grating are incident on neighboring
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Fig. 5. Intensity transfer functions from input port 1 to drop ports 2, 3, 4, and
5 for the WSS at node 3 of Fig. 1, with beam paths described in Fig. 3. Diffrac-
tion orders and are represented as dotted, solid and dashed lines,
respectively. Subscripted labels denote the orders diffracted from the switching
segments. For example, denotes the order diffracted from switching seg-
ment .

switching segments. That passband (labeled D) has an insertion
loss of dB caused by grating diffraction loss2 and imper-
fect fiber-to-fiber coupling within the device. The transfer func-
tion also includes a contribution from the order dif-
fracted from switching segment (labeled ), which is of
no consequence, as explained later.
At port 3, intended for subchannel C, the transfer function

includes passbands from the 0 order diffracted from
switching segment (labeled ) and the order diffracted
from switching segment (labeled ). The combined pass-
band exhibits significant rolloff at the upper nominal band edge
at GHz, but no rolloff until far below the lower
nominal band edge at GHz. The passband ex-
hibits an additional insertion loss of dB,
caused by the splitting into three equal-intensity diffraction or-
ders. At port 4, intended for subchannel B, the transfer function

includes contributions from three overlapping diffrac-
tion orders (labeled , , and ), and exhibits no rolloff
until far below and above the nominal lower and upper band
edges at and 25 GHz, respectively. Finally, port
5, intended for subchannel A, operates as a mirror image of port
3 with respect to .
Fig. 6 shows the (sub)channels demultiplexed at node 3 in

Fig. 1. Given the 10-GHz guard bands at the upper and lower
edges of narrow-band channel D, the upper edge of subchannel
C, and the lower edge of subchannel A, all of the (sub)channels
appear at the desired drop ports with negligible distortion. Al-
though additional (sub)channels appear at the drop ports (e.g.,
subchannels A and C appear along with desired subchannel B at
port 4), these are orthogonal to the desired (sub)channels, and
are filtered effectively by digital OFDM demodulation, as ex-
plained in Section III-B.
At each drop port, the multiple diffraction orders can po-

tentially interfere constructively or destructively at frequencies

where they overlap, leading to nonflat passbands. To prevent
such interference, the average square-wave phase has an ad-
ditive phase shift alternating between 0 and in adjacent
SLM switching segments, and the square-wave spatial phase
shift has an additive phase shift alternating between 0 and
(half a period) in adjacent SLM switching segments. The phases
and are described in the top panel of in Fig. 4.
Figs. 4 and 5 assume the following design parameters. Input

and output fibers are collimated using a linear lens array of
focal length 2.6 mm. The ruled grating has 1200 l p/mm, op-
erates at an 85 angle of incidence, and has an angular disper-
sion rad/GHz. The Fourier lens has a
focal length mm. The phase-only LCOS SLM has
512 512 pixels, each 15 15 m in size. Using (2) with
GHz, the switching segment width should be m

(9.5 pixels)2 along the dimension in Fig. 3. A monochro-
matic input signal forms a spot on the SLM of dimensions 108
m 624 m along the and dimensions in Fig. 3, respec-
tively. Splitting into three diffraction orders is achieved by im-
posing a square-wave phase grating on the SLM with an ampli-
tude equal to 2.03 radians and period equal to 120 m (8 pixels),
which gives a first-order diffraction angle of mrad.
Using (3), the spacing between collimated beams at adjacent
add/drop ports is 1.94 mm. Fig. 5 was computed with the LCOS
SLM discretized into a mesh of 1024 1024 samples (2 2
samples per pixel).
In this WSS design, the number of add/drop ports is lim-

ited by the number of addressable fiber ports in the linear
input/output array. For example, 1 9 devices are commer-
cially available (one input or output port and eight add or
drop ports), and such a configuration could support wideband
channels up to 8 50 GHz. The number of add/drop ports can
be increased by increasing the WSS dimensions or altering its
design [13].

III. OFDM SYSTEM DESIGN

The proposed network architecture can be realized using
either SC modulation or CO-OFDM, given appropriate syn-
chronization between cooperating transceivers. In this section,
assuming CO-OFDM, we analyze performance in the presence
of several impairments, including fiber dispersion, aliasing,
symbol synchronization errors, and phase and frequency
synchronization errors. We establish design requirements,
particularly for synchronization between cooperating trans-
ceivers. We present an exemplary system design, evaluating its
performance in nonlinear fiber transmission.

A. Cyclic Prefix

Linear impairments in single-mode fiber (SMF) transmis-
sion include group-velocity dispersion (GVD) and polariza-
tion-mode dispersion (PMD). To avoid ISI, the cyclic prefix
length should be equal to the duration of the overall system
impulse response [16]. Considering only GVD, the required

2In simulation, subpixel sampling allows one to use fractional pixels in the
dimension. In practice, only whole pixels can be used, in which case, the focal
length of the Fourier lens and/or the dispersion of the grating can be adjusted so
that 50-GHz switching segments utilize an integral number of pixels.
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Fig. 6. Demultiplexing of narrow-band and wideband channels at node 3 of Fig. 1 by dual-mode WSS. Diffraction orders and are represented as
dotted, solid, and dashed lines, respectively. Subscripted labels denote the orders diffracted from the switching segments. For example, denotes the order
diffracted from switching segment .

number of cyclic prefix samples (referred to a unit oversam-
pling ratio) can be estimated as

(4)

where is the used bandwidth of the (sub)channel,
is the net uncompensated GVD, and is the sampling interval
(without oversampling) [16], which is given by ,
where is the equivalent symbol rate per polarization (as-
sumed equal to 50 GHz). The worst case is when a subchannel
uses the full bandwidth , in which case, (4) can be
simplified to

(5)

Estimating the required cyclic prefix length for PMD is nor-
mally done by simulation, since closed-form expressions for the
PMD impulse or frequency response are not known. Typically,
PMD requires 1 to 5 additional cyclic prefix samples [16]. Like-
wise, additional cyclic prefix samples are required to accommo-
date the receiver’s antialiasing filter.
For (sub)channels using a given symbol rate and constellation

size, the cyclic prefix samples represent a reduction of the bit
rate by a ratio , where is the number of used
subcarriers. Hence, to minimize the bit-rate loss, should be
chosen as high as possible.

B. Adjacent Subchannel Aliasing

Because wideband subchannels are split into three diffraction
orders, at an output port of the WSS, a desired (sub)channel
may be accompanied by one or two adjacent (sub)channels, as
shown in Fig. 6.While the adjacent (sub)channels are nominally
eliminated by antialias filtering and subsequent digital filtering,
some aliasing on the desired (sub)channel can occur because of
the finite rolloff rate of the antialiasing filter, as shown in Fig. 7.
The worst case aliasing occurs when a desired subchannel

uses the full 50-GHz bandwidth and overlaps with two adjacent
subchannels, as at output port 4 in Fig. 6. In this case, subcarrier

Fig. 7. Aliasing of adjacent OFDM subchannels due to the finite rolloff of the
antialiasing filter when detecting subchannel . The subchannel spacing is equal
to the symbol rate, GHz, and the sampling frequency is 64 GHz.

of subchannel will have aliasing from subcarrier of sub-
channel when , where is the sampling
frequency. Similarly, there will be aliasing from subchannel
when . The variance of aliasing noise on sub-
carrier of subchannel is

(6)

where and are the powers of subcarriers and
of subchannels and , respectively, is the
antialiasing filter frequency response, and is the subcarrier
spacing. We have used the expressions ,

and . The SNR of subcarrier of subchannel
is

(7)

where is the variance of additive white Gaussian noise
(AWGN) from amplified spontaneous emission (ASE). We ob-
serve in (7) that the SNR is not the same for all subcarriers.
Assuming all subcarriers use PM-QPSK, the symbol-error ratio
(SER) of subchannel averaged over the subcarriers is [16]:

(8)

where is the number of used subcarriers and is the
Gaussian Q function [17]. An alternate performance metric
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Fig. 8. OFDM SER in the presence of aliasing for different fifth-order anti-
aliasing filters and normalized guard bandwidths . The OFDM pa-
rameters are , GHz, and .

conveying the same information is the equivalent SNR of
subchannel , given by

(9)

where is the inverse Gaussian Q function [17].
In order to minimize aliasing noise, we introduce a guard

band between adjacent subchannels. By not modulating
subcarriers on the upper and lower edges of a subchannel, we
can create a guard bandwidth . We define a nor-
malized guard bandwidth

(10)

where is the number of potentially available subcarriers. The
guard band reduces the bit rate, since only
subcarriers are used for data transmission.
Fig. 8 shows the SER for different fifth-order antialiasing

filter types and normalized guard bandwidths . The fast
Fourier transform (FFT) size is , and ,
such that the oversampling ratio is . The subchannel
bandwidth is GHz and GHz.
The 3-dB bandwidth of the antialiasing filters is equal to .
In Fig. 8, for the Butterworth filter, the aliasing penalty de-

creases as the guard bandwidth increases, but remains measur-
able even for %. By contrast, a Chebyshev type II
filter, which has a more abrupt transition region, virtually elim-
inated aliasing noise. A fifth-order Chebyshev type II filter with
3-dB bandwidth equal to is used exclusively below.

C. Symbol Timing Synchronization

1) Transmitter: In order to maintain orthogonality between
the subchannels comprising a wideband channel, all transmit
symbol clocks at a node are locked to an electrical or optical
clock reference, as shown in Figs. 1 and 2. To avoid clock skew,
each transmitter applies a fixed de-skewing correction. Once a
transmitter is plugged into a WSS input port, a calibration can

be performed in situ and stored in a lookup table. After calibra-
tion, a clock skew (e.g., caused by temperature gradients) can
be accommodated, up to a maximum of ps. If
necessary, any additional clock skew can be accommodated by
appending additional cyclic samples in the prefix or in a suffix,
which is known as the Zipper method [18].
2) Receiver: Receiver symbol clocks can be locked to the

same reference as the transmit clocks, making sampling fre-
quency errors negligible. Symbol boundaries can be estimated
usingknown techniques, suchas transmittinga trainingpreamble
[19]–[21] or using the redundancy in the cyclic prefix [22].

D. Phase and Frequency Synchronization

When phase and frequency errors are present, we can write
the received signal for one subchannel as

(11)

where is the transmitted subchannel waveform,
and are the impulse responses of the fiber and the an-
tialiasing filter, respectively, and are the frequency-
locking errors of the transmitter and receiver lasers, respectively,
and and are the random phase fluctuations of the
transmitter and receiver lasers, respectively.The laser phasefluc-
tuations and and can each be modeled as Wiener
processes with zero mean and independent Gaussian increments
with variance , where is the laser linewidth.
To simplify the analysis, it is common to combine the receiver
and transmitter phase fluctuations into a single Wiener process
at the receiver [23]. A similar approximation is used for the laser
frequency errors. The received signal simplifies to

(12)

where , , and
.

1) Receiver Frequency: We assume that the local laser os-
cillator (LO) is frequency-locked to the desired subchannel, but
with a frequency error . This frequency error can be com-
pensated, for example, by using training symbols [20] or sub-
carrier pilots [21] to estimate the frequency offset and then ap-
plying digital frequency correction. An alternative is to transmit
an unmodulated pilot in the middle of the OFDM spectrum and
then use the pilot in an analog or digital feedforward correction
scheme [19].
Neglecting for now the antialiasing filter, the received sub-

channel , , with LO frequency error is given by

(13)

After sampling the signal with sampling period , we
obtain . The received signal after the
FFT is

(14)
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where is the FFT size, and
. We can expand as

(15)

In (15), we observe that all subcarriers are scaled and rotated by
, and that there is ICI since the subcarriers are no longer

orthogonal. The ICI variance on subcarrier is

(16)

where is the power of subcarrier and

(17)

We note that the ICI is not white, i.e., the ICI variance in (16)
is different for each subcarrier. We have not included the anti-
aliasing filter in our analysis thus far. For small frequency errors,
we can simplify the calculations by interchanging the filter and
the frequency offset operations, rewriting (13) as

(18)

where and is the antialiasing filter
impulse response. The analysis is exactly the same as before ex-
cept that we substitute by . Including
ASE noise, the SNR on subcarrier is given by

(19)

Fig. 9 shows the OFDM SER in the presence of LO fre-
quency-locking errors when detecting subchannel . The OFDM
parameters are , , %
, the antialiasing filter is a fifth-order Chebyshev II, and

GHz.
In order to make our results independent of the number

of subcarriers, the frequency error on subchannel , , is
normalized by the subcarrier spacing . In Fig. 9, we used
maximum likelihood (ML) estimation to estimate the phase
of , which is the common phase error (CPE) of all
subcarriers. Furthermore, we used all subcarriers in the ML
estimation, so Fig. 9 represents the best performance achievable
with CPE correction.
In Fig. 9, we compute using three different methods: an-

alytically [using (19) and (9)], from the received SNR [using
(8)], and by counting errors in Monte Carlo simulation.
In Fig. 9, by comparing obtained analytically with

computed from the measured SNR, we conclude that (19) pre-
dicts the SNR on each subcarrier accurately. When comparing
with obtained from simulation, however, we observe small
differences because the ICI is not Gaussian-distributed. In
Fig. 9, we also observe that the OFDM signal is very sensitive
to receiver frequency errors.

Fig. 9. OFDM SER in the presence of LO frequency-locking errors when de-
tecting the desired subchannel . The OFDM parameters are ,

, GHz, and % ; the antialiasing filter
is a fifth-order Chebyshev II and all subcarriers are modulated using QPSK. The
normalized LO frequency errors are indicated in the figure.

2) Transmitter Frequency: In the proposed system, all
transmit lasers are frequency-locked to a frequency comb [24],
[25], as shown in Fig. 1. Such a comb can be obtained by phase
modulation of light from a seed laser in an amplified recircu-
lating loop [24]. The accuracy of each transmit laser frequency
is determined by three factors: the absolute frequency accuracy
of the seed, the accuracy of the comb frequency spacing, and
the accuracy of locking each laser to the comb frequency. The
seed is assumed locked to an absolute frequency reference
(e.g., an etalon) with an accuracy of order 1 GHz [25]. This
error should have negligible impact, since all subchannels
within a wideband channel share a common reference comb
and this error is much less than the 10-GHz guard band between
channels. The spacing between comb frequencies is determined
by the oscillator driving the phase modulator [24], so this
error should have negligible impact (see the design example
in Section III-E). The dominant errors arise from locking each
transmit laser to a comb frequency, since such errors can cause
interference to the desired subchannel and the adjacent sub-
channels appearing at the same WSS output port. Fig. 10 shows
the worst case scenario when there are frequency-locking errors
on the transmit lasers of the adjacent subchannels.
Assuming that the LO can lock perfectly to the desired sub-

channel , assuming, for now, that only one adjacent sub-
channel is present, and interchanging the antialiasing
filter and the frequency offset operations as above, the received
electrical signal can be written as

(20)

where is the frequency-locking error on subchannel .
Using the same analysis as before, we can write the received
power on subcarrier of subchannel as

(21)



2654 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 30, NO. 16, AUGUST 15, 2012

where is given by (17). Note that for
. However, there could be aliasing prod-

ucts at those subcarrier locations (see Fig. 7), depending on the
frequency response of the antialiasing filter employed. Hence,

becomes

(22)

where is the power of subcarrier of interfering sub-
channel and is given by (6). From (21), we can
write the cross ICI variance from interfering subchannel
as

(23)

We also need to take into account the ICI contribution from
the other interfering adjacent subchannel . Using the same
analysis as above for interferer , the cross ICI variance from
interfering subchannel is given by

(24)

where

(25)

Assuming independent transmitted symbols for each inter-
fering subchannel, the SNR of subcarrier of subchannel in
the presence of aliasing and frequency errors on two adjacent
subchannels becomes

(26)

We note that in (26), the aliasing interference is already included
in the cross ICI variances so we do not need to include the
aliasing variance from (6).
An option to mitigate interference from frequency errors on

adjacent subchannels is to introduce a guard band between sub-
channels. Fig. 11 shows the equivalent SNR, , in the pres-
ence of frequency errors on the adjacent subchannels. The fre-
quency errors are , such that both adjacent
subchannels move towards the desired subchannel , as shown
in Fig. 10. The OFDM parameters are , ,

GHz, and % . We use a
fifth-order Butterworth anti-aliasing filter in Fig. 11 in order to
better illustrate aliasing effects.
In Fig. 11, we observe that the analytical approach is able

to estimate the subcarriers SNRs with reasonable accuracy. We
also observe that the interference from the adjacent subchannels
is periodic, and is worst when the frequency errors are an odd
integer multiple of half the subcarrier spacing. When the fre-
quency errors are an integer multiple of the subcarrier spacing,
there is no interference. We further observe that the interference

Fig. 10. Worst case scenario when there are frequency-locking errors in the
locking of the adjacent transmit lasers to the frequency reference comb.

Fig. 11. OFDM equivalent SNR in the presence of frequency errors on the
transmit lasers of the adjacent subchannels. The frequency errors are

, such that both adjacent subchannels move toward the desired sub-
channel , as shown in Fig. 10. The OFDM parameters are ,

, GHz, and % ; the antialiasing filter
is a fifth-order Butterworth and all subcarriers are modulated using QPSK.

Fig. 12. OFDM SER in the presence of frequency errors on the transmit
lasers of the adjacent subchannels. The frequency errors are

, such that both adjacent subchannels move towards the desired sub-
channel . The OFDM parameters are the same as in Fig. 11 and the frequency
errors normalized to the subcarrier spacing are indicated in the figure.

becomes worse as the adjacent subchannels move closer to the
desired subchannel.
Fig. 12 shows the OFDM SER for the same configuration

as in Fig. 11. We observe small differences between the ob-
tained from simulation and from the subcarriers SNRs (whether
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measured or computed analytically), because the cross ICI is not
Gaussian.
By comparing Fig. 12 to Fig. 9, we conclude that performance

is more sensitive to frequency-locking errors of the LO than
those of the transmit lasers.
3) Transmitter and Receiver Phase Noise: Neglecting fre-

quency errors and using the same approximations as above, the
received signal can be written as

(27)

where is the phase noise of subchannel . We note that the
above simplification is only valid for systems with small accu-
mulated dispersion [26]. Using the same analysis as above, the
received power on subcarrier of subchannel can be written
as

(28)

where is the phase variance on subchannel , given by

(29)

is equal to [23]

(30)

where [23]. We recall that
and are given by (22) and

(25), respectively.
Assuming independent transmitted symbols for each sub-

channel, the SNR of subcarrier of subchannel in the presence
of phase noise becomes

(31)

Fig. 13 shows the equivalent SNR as a function of the laser
linewidth , assuming all lasers have the same linewidth.
We observe that, for a given number of subcarriers, the

SNR decreases as the laser linewidth increases. Furthermore,
we verify that the SNR degradation is more significant as the
number of subcarriers increases.
Fig. 14 shows theOFDMSER for various laser linewidths.

In order to make the results independent of number of subcar-
rier, we use the normalized linewidth [23]

(32)

The OFDM parameters are , ,
GHz, and % and the antialiasing
filter is a fifth-order Chebyshev II. We assumed that all lasers

Fig. 13. OFDM equivalent SNR as a function of the laser linewidth . The
system parameters are GHz and %; the antialiasing
filter is a fifth-order Chebyshev II and all subcarriers aremodulated usingQPSK.
The number of subcarriers is indicated in the figure.

Fig. 14. OFDM SER for various laser linewidths. The OFDM parameters
are , , GHz, and %

; the antialiasing filter is a fifth-order Chebyshev II and all subcarriers
are modulated using QPSK. The laser linewidths normalized to the subcarrier
spacing are indicated in the figure.

have the same linewidth. We used ML estimation of the CPE of
all subcarriers. All subcarriers were used in the ML estimation,
such that Fig. 14 represents the best performance achievable
with CPE correction.
In Fig. 14, we verify that (31) correctly estimates the SNR

of each subcarrier. We observe, however, that the obtained
using these subcarrier SNRs does not match with simulation
results for high linewidths. This occurs because the phase noise
does not haveGaussian statistics, and also because of SER floors
that become dominant at high linewidths, as observed in [27].
Using simulations, we have found that an SER floor of

for QPSK corresponds to a normalized laser linewidth
of . As long as the target is significantly
higher than the SER floor, can be estimated accurately using
the subcarrier SNRs.
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Fig. 15. Equivalent SNR versus launched power of a single-subchannel dual-
polarization OFDM system in the presence of fiber nonlinearity after
spans of propagation ( km) with 10% RDPS. The OFDM parameters
are , , , GHz, and
% .

E. OFDM Design Example

The reach of a long-haul system is ultimately limited by ASE
and fiber nonlinearity. OFDM system reach is maximized typ-
ically by choosing 100% residual dispersion per span (RDPS),
because four-wave mixing is reduced by an accumulated phase
mismatch between the subcarriers [28], and because elimination
of the dispersion-compensating fiber (DCF) (and the accompa-
nying optical amplifiers) eliminates sources of nonlinearity and
noise. The choice of 100% RDPS requires an extremely long
cyclic prefix, which then requires a large number of subcarriers
to minimize the prefix overhead, making a system more sen-
sitive to synchronization errors. In this study, we have chosen
10% RDPS as a compromise between nonlinear performance
and synchronization requirements.
Fig. 15 shows the equivalent SNR versus launched power

of a single-subchannel dual-polarization OFDM system in the
presence of fiber nonlinearity after propagating through

km of SMF. The system parameter values are typical of
dispersion-managed terrestrial links: spans,
km, dB/km, ps/nm km,
W /km, dB/km, ps/nm km,

and W /km. Amplifiers with spontaneous emis-
sion factor , and gains and are placed after
each span of SMF and each DCF, respectively, with total gain
compensating the total span loss, and with optimized gain ratio

.
The OFDM and synchronization parameters for the system

design example are summarized in Tables I and II, respectively.
The results in Fig. 15 do not include the effects of the phase

and frequency errors discussed in Section III-D.
In Fig. 15, we observe that the optimal trade-off between ASE

noise and nonlinearity is obtained at an optimal launched power
of dB m. We also verify in Fig. 15 that the performance esti-
mated from the subcarrier SNRs matches closely with the sim-
ulated SNR. The nonlinear distortion on each subcarrier is ap-
proximately Gaussian because, after the FFT, it is the sum many

Fig. 16. OFDM SER versus SNR in the presence of frequency-locking er-
rors and laser phase noise. The LO residual frequency error is
MHz and the frequency-locking errors at the transmit lasers are

MHz. All lasers have a linewidth kHz. The OFDM parameters
are , , , GHz, and
% . The antialiasing filter is a fifth-order Chebyshev II and all

subcarriers are modulated using QPSK. The number of pilots used for CPE
correction is indicated in the figure.

TABLE I
OFDM PARAMETER VALUES FOR THE DESIGN EXAMPLE

TABLE II
SYNCHRONIZATION PARAMETER VALUES FOR THE DESIGN EXAMPLE

approximately independent, identically distributed random vari-
ables, and because of the interaction of nonlinearity with GVD.
In Fig. 15, the single OFDM subchannel has an equivalent

SNR of 12.7 dB after propagating 1520 km. If fiber nonlin-
earity were not present, the received SNR would be 14.7 dB,
so the intrachannel nonlinear penalty is estimated to be 2 dB.
The intrachannel nonlinear penalty estimated to be 2 dB for
10% RDPS [29]. Hence, excluding the effects of phase and
frequency synchronization errors, the SNR is estimated to be

dB after 1520 km.
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Fig. 17. Traffic routes and demands in a network at a particular time. Demands are labeled by bit rate (in Gbit/s) and destination node.

From Fig. 9, we aim for a maximum residual LO frequency
error (after digital frequency correction) of ,
corresponding to 3.125 MHz for the assumed OFDM design.
From Fig. 12, we set the maximum frequency-locking error at
the transmit lasers to , which cor-
responds to 31.25 MHz. From Fig. 14, we choose a maximum
combined linewidth , which corresponds to a
laser linewidth of 50 kHz. For the comb generator, we choose a
crystal accuracy of 10 pm for the 50-GHz oscillator, which sets
the comb spacing accuracy within 500 kHz. The comb absolute
frequency accuracy is determined by the seed laser, which typ-
ically is of the order of 1 GHz [25]. The clock synchronization
error can be up to , which corresponds to ps for our
system.
In order to confirm our choice for the system parameters, in

Fig. 16, we present the SER versus SNR when all the afore-
mentioned impairments are present except for fiber nonlinearity.
We assume a forward error correction (FEC) code with 7% over-
head and a BER threshold

for QPSK) [7], [30]. The FEC threshold corresponds
to dB. In the analytical calculation of in
Fig. 16, we have estimated the SNR of subcarrier of sub-
channel as

(33)

where the sum in the denominator is over all impair-
ments except fiber nonlinearity. A more exact calcu-
lation could be done by using (29)–(31) with

. However, the dif-
ference between the two approaches is negligible.
In Fig. 16, we used a number subcarriers as pilots for

CPE correction using ML estimation. We observe that
gives only a small SNR penalty compared to the ideal case when

. We also verify that the overall penalty relative to the

AWGN limit is 0.8 dB at dB. Furthermore,
after propagating 1520 km, excluding phase and frequency syn-
chronization errors, the SNR is 10.7 dB, so the system margin
is dB.
After selecting the OFDM parameters as in Table I, we can

compute the bit rate per subchannel (excluding coding over-
head) as

(34)

where is the number of used polarizations, is the number
of bits per symbol, is the number of data carrying sub-
carriers, and is the ceiling operation. In our case,

, because we employed the
unused d.c. tone as pilot. Using the values in our example, we
obtain Gbit/s (excluding coding overhead). As-
suming a line code 64/66 and 7% FEC overhead, we obtain the
maximum bit rate per subchannel Gbit/s, corre-
sponding to a spectral efficiency of 3.4 bit/s/Hz. As explained in
Section II, each wideband channel has a guard band of 10 GHz
on the upper and lower edges. The bit rate of a wideband channel
with subchannels is

(35)

In our network design example, we assumed a WSS with eight
add/drop ports. The bit rates of the wideband channels are listed
in Table III.

IV. NETWORK EFFICIENCY

In this section, we evaluate some measures of efficiency and
cost comparing fixed-bandwidth networks with variable-band-
width networks.
Fig. 17 shows routes and traffic demands in a model net-

work, used to compare the efficiency of fixed-bandwidth net-
works (using only traditional 100 Gbit/s narrow-band channels)
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Fig. 18. Network efficiency when traffic demands in Fig. 17 are met using (a) fixed-bandwidth channels and (b) variable-bandwidth channels. The comparative
figures of merit are spectral efficiency and transceiver utilization . The fixed-bandwidth channels transmit at 100 Gbit/s in a nominal 50-GHz bandwidth. The
details of the variable-bandwidth channels are listed in Table III.

to variable-bandwidth networks (using the wideband channels
described in Table III).
Our comparative figures of merit are spectral efficiency (S)

and transceiver utilization (U). We define the spectral efficiency
as

(36)

We define the transceiver utilization (U) at node as the traffic
added at node divided by the maximum bit rate that could be
added by all the transceivers in use at the node , as given by (37)

(37)

Fig. 18(a) and (b) compares the efficiencies achieved when
the traffic demands in Fig. 17 are accommodated using fixed-

TABLE III
BANDWIDTHS AND BIT RATES OF WIDEBAND CHANNELS WITH

SUBCHANNELS

bandwidth and variable-bandwidth channels, respectively. Vari-
able-bandwidth channels increase spectral efficiency from an
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average of about 2 to nearly 3 bits/s/Hz. On the other hand,
using variable-bandwidth channels reduces transceiver utiliza-
tion from an average of nearly 1 to about 0.87. Themaximum bit
rate of dual-mode transceivers are not fully used unless traffic
demands coincide with a sum of variable-bandwidth channel bit
rates. Nevertheless, we note that the average utilization of 0.87
is far higher than that achievable using superchannels whose bit
rate is fixed at a high value, such as 1 Tbit/s.

V. CONCLUSION

We proposed a flexible, scalable, and modular system ar-
chitecture supporting variable-bandwidth channels to enable
increased traffic aggregation and maximize spectral efficiency.
In particular, the proposed network supports channel bit rates
scalable from 100 Gbit/s to beyond 1 Tbit/s using technology
available now or in the immediate future. The proposed ar-
chitecture employs colorless dual-mode transceivers, which
can operate individually to transmit/receive conventional
narrow-band channels, or can cooperate to transmit/receive a
wideband channel, comprising subchannels, each with 50
GHz bandwidth. We also described an LCOS WSS design that
can (de)multiplex narrow-band channels with minimal loss, or
can (de)multiplex wideband channels with an additional loss
not exceeding 1/3 ( dB) independent of . In this architec-
ture, in principle, the transceivers can either use SC modulation
or CO-OFDM. We studied the design and performance for a
CO-OFDM implementation of the architecture. The impact
of various impairments, including fiber dispersion, aliasing,
symbol timing errors, and carrier phase and frequency errors.
We discussed the tradeoffs in the choice of OFDM parameters.
We evaluated a system design example using CO-OFDM with
10% RDPS, which is capable of 1520-km reach with 1.4-dB
margin above the FEC threshold. We compared fixed-band-
width networks to variable-bandwidth networks in terms of
spectral efficiency and transceiver utilization. In a model net-
work, we observed that variable-bandwidth channels increase
average spectral from about to nearly 3 bits/s/Hz, but decrease
average transceiver utilization from nearly 1 to about 0.87.
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