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ABSTRACT | Fiber-optic communication systems form the

high-capacity transport infrastructure that enables global

broadband data services and advanced Internet applications.

The desire for higher per-fiber transport capacities and, at the

same time, the drive for lower costs per end-to-end transmitted

information bit has led to optically routed networks with high

spectral efficiencies. Among other enabling technologies,

advanced optical modulation formats have become key to the

design of modern wavelength division multiplexed (WDM) fiber

systems. In this paper, we review optical modulation formats in

the broader context of optically routed WDM networks. We

discuss the generation and detection of multigigabit/s inten-

sity- and phase-modulated formats, and highlight their resil-

ience to key impairments found in optical networking, such as

optical amplifier noise, multipath interference, chromatic

dispersion, polarization-mode dispersion, WDM crosstalk,

concatenated optical filtering, and fiber nonlinearity.

KEYWORDS | Differential phase modulation; digital modulation;

intensity modulation; optical communication; optical networks;

wavelength division multiplexing (WDM)

LIST OF ACRONYMS

ACRZ Alternate-chirp return-to-zero

AMI Alternate-mark inversion

ASE Amplified spontaneous emission

BER Bit-error ratio
CD Chromatic dispersion

C-NRZ Chirped nonreturn-to-zero

CRZ Chirped return-to-zero

CSRZ Carrier-suppressed return-to-zero

DB Duobinary

DCF Dispersion-compensating fiber

DCS Duobinary carrier suppressed

DFB Distributed feedback laser
DGD Differential group delay

DI Delay interferometer

DM Data modulation

DMF Data modulation format

DML Directly modulated laser

DPSK Differential phase shift keying

DQPSK Differential quadrature phase shift keying

DST Dispersion-supported transmission
EAM Electroabsorption modulator

EML Electroabsorption modulated laser

EPD Electronic predistortion

FEC Forward error correction

FM Frequency modulation

FWM Four-wave mixing

GVD Group velocity dispersion

IFWM Intrachannel four-wave mixing
ISD Information spectral density

ISI Intersymbol interference

ITU International telecommunication union

IXPM Intrachannel cross-phase modulation

M-ASK Multilevel amplitude shift keying

MI Modulation instability

MLSE Maximum-likelihood sequence estimator

MPI Multipath interference
MZM Mach–Zehnder modulator

NL Nonlinearity

NRD Net residual dispersion

NRZ Nonreturn-to-zero

NZDF Nonzero dispersion shifted fiber

OA Optical amplifier

OADM Optical add/drop multiplexer

OOK On/off keying
OSNR Optical signal-to-noise ratio

OXC Optical crossconnect

PASS Phased amplitude shift signaling
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PMD Polarization-mode dispersion
Pol-SK Polarization shift keying

PSBT Phase-shaped binary transmission

PSP Principal state of polarization

RDPS Residual dispersion per span

RF Radiofrequency

ROADM Reconfigurable OADM

RX Receiver

RZ Return-to-zero
SE Spectral efficiency

SPM Self-phase modulation

SSB Single sideband

SSMF Standard single-mode fiber

TX Transmitter

VSB Vestigial sideband

WDM Wavelength division multiplexing

XPM Cross-phase modulation

I . INTRODUCTION

Today’s information society relies to an unprecedented

extent on broadband communication solutions, with

applications such as high-speed Internet access, mobile

voice and data services, multimedia broadcast systems, and

high-capacity data networking for grid computing and
remote storage. In order to most cost-effectively meet the

widely differing bandwidth demands of various communi-

cation applications, several communication technologies

are being used, each with their very own characteristics and

advantages. One way of comparing these technologies is to

look at the maximum data rates they support for a given,

regeneration-free transmission distance. The regeneration-

free transmission distance is defined as the distance that
can be bridged without detecting and retransmitting the

digital information anywhere along the propagation path.

Fig. 1 compares the most widely used RF and optical

communication technologies for wireline and wireless

communications, based on this metric. The boundary lines

represent approximate guides, which are constantly shift-

ing out subject to technological improvements.

Fig. 1 clearly shows that optical communication systems
can support Tb/s capacities over many thousand kilo-

meters, which makes them the ideal technology base for

high-capacity wireline networking. With unrivaled optical

fiber attenuation coefficients below 0.2 dB/km across

several THz of bandwidth, transmission distances exceed-

ing 10 000 km, capacities of more than 10 Tb/s, and corre-

spondingly high capacity� distance products of 36 Pb/s � km

have been reported over a single optical fiber (125-�m dia-
meter).1 Table 1 shows a selection of record numbers

achieved in research laboratories, with up to 256 WDM

channels (Bch[) at per-channel data rates of 40 Gb/s. The

need for system margins to accommodate carrier-class quality

of service in nonideal networks throughout the lifetime of

aging system components typically lets commercial system

capacities fall short of these record numbers by up to an

order of magnitude [1], [2].
The driver behind the enormous interest in increasing

system reach and aggregate WDM transport capacity is the

steadily growing volume and bandwidth demand of data

services and the desire to meet this demand by simul-

taneously reducing the cost per transported information
bit. In WDM systems, this cost reduction is achieved by

sharing optical components among many (or all) WDM

channels; the most prominent examples for shared optical
components are the optical fiber, used both for transport

and dispersion management, and optical amplifiers,

placed periodically along the transmission path to ream-

plify WDM channels. Since all shared optical components

operate within limited wavelength windows, it is benefi-

cial to space WDM channels as closely together as possi-

ble, with the ratio of net per-channel information data

Fig. 1. Regeneration-free transmission distance versus data rate for

various wireless and wireline communication technologies.

1Record transmission results are typically reported in the postdeadline
sessions of the annual Optical Fiber Communication Conference (OFC)
and the annual European Conference on Optical Communication (ECOC).

Table 1 Some Recent Record Fiber-Optic Transmission Results

Winzer and Essiambre: Advanced Optical Modulation Formats

Vol. 94, No. 5, May 2006 | Proceedings of the IEEE 953



rate to the WDM channel spacing being referred to as a
system’s spectral efficiency (b/s/Hz) [8], sometimes also

called information spectral density [9]. For example,

transmitting 40-Gb/s data information per WDM channel

on the 100-GHz ITU frequency grid [10], one arrives at an

SE of 0.4 b/s/Hz, irrespective of whether one directly

transmits at 40.0 Gb/s, or, e.g., at 42.7 Gb/s to include a

7% overhead for FEC.

Another way of lowering the cost per information bit is
to increase per-channel data rates. Once sufficiently ma-

ture optoelectronic technology at reasonable production

volumes can be used, a fourfold2 increase in per-channel

data rate typically implies a 2.5-fold increase in transpon-

der cost. Therefore, quadrupling per-channel data rates

eventually leads to 40% transponder cost savings. These

considerations, among others, have led to the development

of technologies for 40-Gb/s per-channel data rates.
Together with advances in narrowband optical filtering

technology, now enabling wavelength multiplexing filters

on a 50-GHz optical frequency grid, WDM systems with an

SE of 0.8 b/s/Hz and beyond have been demonstrated.3

Systems operating at 40 Gb/s are commercially available

since early 2002 [2], [11].

In addition to increasing the point-to-point capabilities

of optical transmission systems, and in order to further
leverage broadband optical technologies, expanding net-
working functionality into the optical domain is yet another

important aspect of reducing the cost per end-to-end tran-

sported information bit: (reconfigurable) optical add/drop

multiplexers [(R)OADMs] allow adding and droping wave-

length channels at nodes as needed, while OXCs allow

switching wavelength channels between different optical

fibers; both are becoming major building blocks of optically
routed networks [12].

High-SE, high-capacity optically routed transport net-

works, which drive fiber-optic communications research

today, are enabled by several key technologies.

• Low-loss optical components (including transmis-

sion fiber, dispersion-compensating devices, and

optical switching/routing elements) minimize the

need for optical amplification and reduce the
associated amplification noise.

• Low-noise optical amplifiers (such as distributed

Raman amplifiers) lower the noise accumulated

along transmission lines.

• Advanced optical fibers reduce nonlinear signal dis-

tortions and enable higher signal launch powers.

• FEC allows for operation at poorer channel bit-
error ratio (BER), which relaxes the requirements

on the OSNR at the receiver.

• Advanced modulation formats are used to trade off

noise resilience, fiber propagation characteristics,

and resilience to narrowband optical filtering due

to multiple passes through OADMs.

In this paper, we focus on how advanced optical
modulation formats enable high-capacity optically routed
transport networks. Being aware of the sophisticated mod-

ulation and detection schemes and algorithms employed in

RF engineering, we first want to put the word Badvanced[
used in conjunction with optical modulation formats in

proper context.

Designed for operation at multigigabit/s per-channel

bitrates, optical communication transponders require

broadband RF electronics and optoelectronics, spanning
the entire baseband frequency spectrum from a few kHz to

several tens of GHz. Up to a few years ago, technological

difficulties in cost-effectively manufacturing devices suit-

able for such high speeds restricted their functionality to

the most basic needs, i.e., performing binary modulation of

the light emitted from a laser oscillator, and simple symbol-

by-symbol fixed-threshold detection. As a result, lightwave

systems deployed today almost exclusively use binary
intensity modulation at the transmitter and square-law

photodetection at the receiver; neither coherent demodu-

lation, nor electronic equalization techniques, nor FEC is

used in the majority of installed systems. At the turn of the

millennium, however, this situation started to change

significantly. Today, advances in high-speed electronics

and optoelectronics are not only used to further push per-

channel data rates, but also to increase the sophistication of
transponder hardware. At 10-Gb/s data rates, electronic
signal processing ranging from simple feed-forward equal-

izer (FFE) structures all the way to MLSEs is available

today [13]–[15], and FEC has become a standard feature of

10-Gb/s and 40-Gb/s commercial optical communication

systems [16]. Controlled signal predistortion at the

transmitter is starting to become possible at 10 Gb/s

[17], and coherent detection, allowing electronic signal
processing to make use of the optical phase information, is

experiencing renewed interest4 [22], [23]. At the same

time, systems start to no longer rely exclusively on phase-

insensitive binary modulation of the optical intensity

(OOK), but transition to other modulation formats, such as

binary or multilevel phase modulation or partial response

formats. In the optical communications community, all

formats that go beyond OOK have therefore earned the
qualifier advanced.

2Optical transport related standards such as the synchronous optical
network (SONET) or the synchronous digital hierarchy (SDH) increase data
rates by factors of four.

3Record transmission results are typically reported in the postdeadline
sessions of the annual Optical Fiber Communication Conference (OFC)
and the annual European Conference on Optical Communication (ECOC).

4Coherent detection using advanced optical modulation formats was
widely discussed in the context of unamplified systems in the 1980s
[18]–[20], where attenuation-limited single-span transmission required
utmost receiver sensitivity. With the advent of efficient optical amplifiers,
allowing for comparable direct-detection receiver sensitivities [20], [21],
coherent systems research decayed in the early 1990s.
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This paper is organized as follows. Section II presents a

general classification of advanced optical modulation

formats, describing the physical properties of a lightwave

that can be used to convey digital information. Section III

discusses modulator technologies used to imprint data

information onto a laser carrier. Since the design of op-

tical transmitters and receivers is intimately related to
the capabilities of high-speed optoelectronic hardware, an

understanding of modulator technologies is vital to the

understanding of optical modulation formats. Section IV

covers various intensity modulation formats, and Section V

deals with phase modulation. Finally, Section VI puts mod-

ulation formats in a systems context, describing fiber-optic

propagation impairments and how they impact different

modulation formats.
Since advanced optical modulation formats have

received considerable interest over the last few years, we

want to point the reader to some additional reviews on the

topic, supplementing the material presented here [9],

[24]–[32]. A good overview of state-of-the-art optical

communication systems and technologies can be found in

[33], [34], supplementing more fundamental textbook

material [35]–[37].

II . CLASSIFICATION OF MODULATION
FORMATS

In this section, we classify optical modulation formats

according to their key attributes. We look at the physical
quantity used to convey digital information, and at the

number of symbols used to represent the binary transmit

data. Furthermore, we consider auxiliary modulation fea-
tures such as pulsed modulation or chirp, which can be

used, e.g., to improve a format’s transmission properties.
To better understand this classification, and to get a com-

prehensive overview of optical modulation formats, Fig. 2

shows how the most important optical modulation for-

mats discussed today fall into the categories established

here. The individual formats will be described in more

detail in Sections IV and V.

A. Data Modulation Formats (DMFs)
In single-mode optical fibers, the optical field5 has

three physical attributes that can be used to carry infor-

mation: intensity, phase (including frequency), and polari-
zation. Depending on which of the three quantities is used

for information transport, we distinguish between inten-

sity, phase (or frequency), and polarization DMFs. Note
that this classification does not require a phase-modulated

optical field to be constant-envelope, nor an intensity-

modulated field to have constant phase. It is the physical

quantity used to convey data information that drives the

classification. To give some examples: DPSK (Section V-A)

is a phase-modulated format, regardless of whether it is

transmitted constant-envelope or by means of phase-

modulated optical pulses in the form of RZ-DPSK. On the
other hand, CSRZ (Section IV-C) is an intensity-modulated

format, regardless of the fact that the optical field’s phase

is additionally modulated in order to beneficially influence

the spectrum.

While intensity and phase DMFs have been widely

used in high-speed optical communications, encoding

information onto the polarization of light (Pol-SK) has

received comparatively little attention [20], [39], [40].
This can primarily be attributed to the need for active

polarization management at the receiver, necessitated by

random polarization changes in optical fiber [41]. For

intensity- or phase-modulated DMFs and direct-detection

receivers, polarization management is only required in

the presence of substantial PMD (Section VI-F). The ad-

ditional receiver complexity associated with Pol-SK could

Fig. 2. Classification of the most important intensity and phase modulation formats discussed in optical communications today. (AP: alternate

phase; CAPS: combined amplitude phase shift coding. All other acronyms are explained in the list of acronyms.)

5Single-mode optical fibers are weakly guiding, circular dielectric
waveguides supporting a single transverse mode in two orthogonal linear
polarizations. The optical power carried by a mode is proportional to the
squared magnitude of the transverse electric field or, equivalently, the
transverse magnetic field [38]; thus, the term optical field denotes either of
these field components, normalized such that its squared magnitude
corresponds to the transported optical power. The optical field is usually
referenced to some optical frequency, which for a single WDM channel is
typically the signal’s carrier frequency, leading to a complex baseband
notation.
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be acceptable if Pol-SK offered a significant receiver

sensitivity improvement over intensity modulation, which

it does not [20], [39]. However, the polarization degree of

freedom can be used to improve the propagation

properties of a format by pseudo-multilevel or correlative
coding [42], [43], similar to an auxiliary optical phase

modulation (see Section II-B). Furthermore, polarization

is sometimes used in research experiments to increase

spectral efficiency, either by transmitting two different

signals at the same wavelength but in two orthogonal

polarizations (polarization-multiplexing), or by transmit-

ting adjacent WDM channels in alternating polarizations

to reduce coherent WDM crosstalk or nonlinear interac-
tions between the channels (polarization-interleaving).

None of these methods are currently used in commercial

systems due to the complexity associated with polariza-

tion maintaining system components and the wavelength-

dependent random polarization rotations in transmission

fiber [44].

B. Symbol Alphabet Size
Using multilevel signaling, log2ðMÞ data bits are

encoded on M symbols, and are then transmitted at a re-

duced symbol rate of R= log2ðMÞ, where R is the bitrate. In

general, a symbol is assigned irrespective of the symbols

sent before or after it (memory-less modulation [45]).

Multilevel signaling offers the benefits of higher spectral

efficiencies at the cost of a reduced tolerance to noise

[45]–[47]. Multilevel signaling allows single-channel data
rates to exceed the limits of high-speed optoelectronics

technology. Alternatively, multilevel signaling allows for

lower symbol rates at a fixed data rate, which is beneficial

in the presence of dispersive signal distortions, such as

CD (Section VI-E) or PMD (Section VI-F), as well as for

implementing digital electronic signal processing.

Multilevel intensity modulation [25], [48], multilevel

phase modulation [49]–[51], as well as hybrid multilevel
intensity/phase modulation [52], [53] have been discussed

in the context of multigigabit transmission. Multilevel in-

tensity modulation (M-ASK) has not proven beneficial for

fiber-optic transport applications so far, mainly due a sub-

stantial back-to-back receiver sensitivity penalty compared

to binary OOK. For example, the four-level 4-ASK format

incurs a penalty of about 8 dB due to the unequal ampli-

tude level spacings necessitated by signal-dependent noise
arising from square-law detection [25], [48]. One of the

most promising multilevel optical modulation formats is

DQPSK (Section V-B); an example for the mapping of a bit

sequence into the 4-ary DQPSK symbol alphabet

f0;þ�=2;��=2; �g using Gray coding [45] is given in

Table 2. Note that throughout this paper, 0 and 1 (set in

Typeface font) denote logical bits, while Roman font (e.g.,
f0;	1g or f0; �g) denotes modulation symbols.

Within the class of modulation formats with more than

two symbols in the symbol alphabet, correlative coding and

pseudo-multilevel modulation have received substantially

more attention in optical communications than multilevel

formats. For these two classes of formats, the symbol

alphabet is not enlarged in order to increase the data rate

or to reduce the symbol rate at a fixed data rate; rather, all
symbols are transmitted at the bitrate, and the additional

degrees of freedom gained by using an increased symbol

alphabet are exploited to shape the spectrum and to

improve the tolerance of a format to specific propagation

impairments by means of introducing memory into the

modulation scheme, also referred to as line coding [45],

[54]–[57]. If more than two symbols are used to represent

a single bit, and if the assignment of redundant symbols to
transmitted bits is data-independent, we refer to pseudo-
multilevel DMFs. If the assignment of symbols depends on

the transmitted data information, we generally refer to

correlative coding DMFs, the most important subcategory

being partial-response DMFs.

The most widespread (since easiest to generate)

pseudo-multilevel format is CSRZ (Section IV-C), where

the information is encoded on the intensity levels {0,1}, but
the phase is changed by � every bit, regardless of the data

information, as visualized in Table 2. The most important

partial-response DMF is optical DB (Section IV-F1). As for

CSRZ, information is conveyed by the intensity levels {0,1},

but �-phase shifts occur only for 1-bits separated by an odd
number of 0-bits. This correlation between auxiliary phase

flips and information encoding is characteristic of partial

response formats. Note, however, that the phase informa-
tion is generally not used for detection due to the phase

insensitive nature of direct-detection (square-law) recei-

vers. More advanced line coding schemes (both pseudo-

multilevel and correlative coding) are being designed to

combat fiber nonlinearity, as discussed in Section VI-H.

Fig. 3 shows the four most important symbol diagrams
encountered in optical communications, comprising al-

most all formats categorized in Fig. 2. As visualized in
Fig. 3(a) for the case of OOK, a Bsymbol diagram[ captures

the intensity and phase levels of all digital data symbols

Table 2 Examples for Different Symbol Encodings
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(þ1 and 0 in the case of OOK), and maps them into the

complex optical field plane; idealized waveforms and

optimum sampling instant are assumed. If bit transitions
are of interest in studying a modulation format, curves
joining the symbol set can be shown in a symbol diagram as

well; such transitions appear as dashed curves in Fig. 3(a),

and represent chirped OOK modulation (C-NRZ or CRZ,

Sections IV-D and IV-E). Note, however, that symbol

diagrams do not specify the dynamics of the transition

between symbols, e.g., pulse rise and fall times or the

duration of optical pulses. (In the example of Fig. 3(a), it is

not possible to tell whether the dashed lines represent
C-NRZ or CRZ.)

The symbol diagram in Fig. 3(b) represents CSRZ as

well as DB and AMI. Fig. 3(c) and (d) represent DPSK and

DQPSK, respectively. The two phase modulation formats

are shown for the same average optical power as the in-

tensity modulation formats of (a) and (b).

While Fig. 3 only shows symbol diagrams in two

dimensions (intensity and phase of the optical field),
multidimensional symbol constellations are possible by

adding a polarization axis to the symbol diagram.

Note that DMFs with memory most beneficially use the

symbol set f�1; 0;þ1g, because optical receivers almost

exclusively use square-law detection, i.e., they make use of

the optical power P ¼ jEj2, the squared magnitude of the

complex optical field E. As a consequence, a direct-

detection receiver is unable to distinguish between the two
received symbols E1;2 ¼ 	jEj, since they both have the

same optical power, P1 ¼ P2 ¼ j 	 Ej2. Therefore, the ter-

nary symbol set fþjEj; 0;�jEjg is automatically mapped to

the binary set f0; jEj2g at the receiver.

C. Pulsed Modulation (RZ Versus NRZ)
If information is imprinted on the intensity, phase, or

polarization of optical pulses, a DMF gets the qualifier

pulsed or RZ, the latter referring to the fact that the optical

intensity Breturns to zero[ within each bit slot. In contrast,

NRZ formats permit constant optical intensity over several

consecutive bits. Fig. 4 shows examples for RZ and NRZ

versions of OOK and DPSK, respectively, with the optical
phase encoded in grayscale. The differentially encoded

relation between phase shifts and information bits for

DPSK is explained in Section V-A.

As detailed in Section IV-B, RZ formats usually require

a slightly more complex transmitter structure, but are

generally more robust to ISI caused by imperfections in the

frequency response and the limited bandwidth of opto-

electronic transmitter and receiver hardware [58]–[61]. In
addition, RZ formats tend to be more robust to many

nonlinear propagation distortions (Section VI-G) as well as

to MPI (Section VI-D) and PMD (Section VI-F).

III . MODULATOR TECHNOLOGIES

As data rates in optical communication systems have tra-
ditionally been limited by the speed of available optoelec-

tronic components, it is of utmost importance to always

consider practical aspects of modulation and detection

hardware when designing optical modulation formats.

More than often in optical communications, a new way of

using existing modulator structures has given birth to

novel optical modulation formats.

Finding the most cost-effective modulation technique
for a particular system application involves aspects of

modulation format and modulator technology. Three basic

modulator technologies are widely in use today: directly
modulated lasers (DMLs), EAMs, and MZMs.

A. Directly Modulated Lasers (DMLs)
Direct modulation of lasers is the easiest way to

imprint data on an optical carrier. Here, the transmit data

Fig. 3. Symbol diagrams capture the complex optical field values of

data symbols, used either for data transport or for improving specific

format properties. All diagrams are shown on the same scale,

normalized to unity average optical power. In (a), dashed lines show

examples for transitions between symbols for chirped formats; in (c),

dashed double-arrows represent different phase modulator

implementations (Section V-A).

Fig. 4. If data information is imprinted on a periodic optical pulse

train, a format gets the qualifier RZ. (Grayscale indicates the optical

phase.)
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is modulated onto the laser drive current, which then
switches on and off the light emerging from the laser [62],

[63]. The resulting modulation format is binary intensity

modulation (OOK). Due to their compactness and low

cost, DMLs ideally lend themselves to dense integration

in small form factor pluggable transponders (XFPs).

Today, DMLs are widely available up to modulation speeds

of 2.5 Gb/s, with some limited availability up to 10 Gb/s

and research demonstrations up to 40 Gb/s [64], [65]. The
main drawback of DMLs for high-bitrate transmission

beyond short-reach access applications is their inherent,

highly component-specific chirp, i.e., a residual phase

modulation accompanying the desired intensity modula-

tion; laser chirp broadens the optical spectrum, which

impedes dense WDM channel packing and can lead to

increased signal distortions caused by the interaction with

fiber CD [62], [63].

B. Electroabsorption Modulators (EAMs, EMLs)
EAMs are pin semiconductor structures6 whose band-

gap can be modulated by applying an external voltage, thus

changing the device’s absorption properties [63]. EAMs

feature relatively low drive voltages (typically 2 V), and are
cost-effective in volume production. They are available for

modulation up to 40 Gb/s today, with research demonstra-

tions up to 80 Gb/s [66]. However, similar to DMLs, they

produce some residual chirp. They have wavelength-

dependent absorption characteristics, dynamic extinction

ratios (maximum-to-minimum modulated light power)

typically not exceeding 10 dB, and limited optical power-

handling capabilities. Their fiber-to-fiber insertion loss is
about 10 dB. BOn-chip[ integration with laser diodes avoids

the high loss at the input fiber-to-chip interface, and leads

to compact transmitter packages. The resulting EMLs, with

output powers on the order of 0 dBm, are widely available

today for modulation up to 10 Gb/s. Another way of elimi-

nating the high insertion losses of EAMs is the integration

with semiconductor optical amplifiers (SOAs), which can

even yield some net fiber-to-fiber gain [67]. Fig 5(a) shows
the typical exponential transmission characteristics of an

EAM as a function of drive voltage.

C. Mach–Zehnder Modulators (MZMs)
Unlike EAMs, which work by the principle of

absorption, MZMs work by the principle of interference,

controlled by modulating the optical phase. The modulator

structure is shown in the inset to Fig. 5(b): the incoming

light is split into two paths at an input coupler. One (or

both) paths are equipped with phase modulators that let the

two optical fields acquire some phase difference relative to

each other, controlled by the applied phase modulation
voltages V1;2. Finally, the two fields interfere at an output

coupler. Depending on the applied electrical voltage, the

interference varies from destructive to constructive,

thereby producing intensity modulation.
The optical field transfer function TEðV1; V2Þ of the

MZM reads (see, e.g., [25])

TEðV1; V2Þ ¼
1

2
ei�ðV1Þ þ ei�ðV2Þþi 

n o

¼ e
i �ðV1Þþ�ðV2Þþ ð Þ

2 cos
�ðV1Þ � �ðV2Þð Þ

2
�  

2

� �
(1)

where �ðV1;2Þ are the voltage-modulated optical phases of

the two MZM arms, and  is an additional, temporally

constant phase shift in one of the arms, referred to as the

modulator bias. If the phase modulation depends linearly on

the drive voltage ð� ¼ �VÞ, which is true for most materials

used for MZMs, the MZM power transfer function depends

only on the drive voltage difference ð�VÞ : TPðV1; V2Þ
¼jTEðV1; V2Þj2¼TPð�VÞ ¼ cos2ð��V=2 þ �Vbias=2Þ. The

characteristic sinusoidal MZM power transfer function is

shown in Fig. 5(b). The modulation voltage that is required

to change the phase in one modulator arm by �, thereby

letting the MZM switch from full transmission to full

extinction, is called switching voltage V�.

For a given drive voltage difference �V according to the

desired modulated intensity, the additional degree of
freedom in choosing V1ðtÞ þ V2ðtÞ can be exploited to

imprint phase modulation (chirp) on the signal [68]–[70]. If

chirp is not desired (which is often the case), the two mod-

ulator arms are driven by the same amount, but in opposite

directions ½V1ðtÞ ¼ �V2ðtÞ; and the phase term in (1) van-

ishes. This driving condition is known as balanced driving or

push–pull operation. Some modulator structures, e.g., x-cut

lithium niobate ðLiNbO3Þ use only a single drive signal,
which modulates both arms of the MZM simultaneously and

has the condition V1ðtÞ ¼ �V2ðtÞ for chirp-free operation

built in by appropriate drive electrode design.

MZMs are most conveniently implemented in LiNbO3

[71], [72]. Gallium arsenide (GaAs) [73], and indium

phosphide (InP) [74], [75]. LiNbO3-based devices are bulk-

ier than their semiconductor equivalents, but offer easier

6The letters Bpin[ stand for Bpositive–intrinsic–negative,[ and
describe the way these three layers of semiconductor material are doped.

Fig. 5. Transmission functions of: (a) EAMs and (b) MZMs.
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fiber-to-chip coupling and no residual intensity modulation
accompanying the desired phase modulation. On the other

hand, semiconductor devices, and in particular InP, lend

themselves to much denser integration [76], [77].

MZMs, especially LiNbO3-based devices, feature

wavelength-independent modulation characteristics, ex-

cellent extinction performance (typically 20 dB), and

lower insertion losses (typically 5 dB) than EAMs. The

required (high-speed) peak-to-peak drive voltages of up to
6 V, however, ask for broadband driver amplifiers, which

can be challenging to build at data rates in excess of

10 Gb/s. Today, LiNbO3-based MZMs are widely avail-

able for modulation up to 40 Gb/s.

Due to their well-controllable modulation performance

and the possibility of independently modulating intensity

and phase of the optical field, MZMs form the basis of

many advanced optical modulation formats. Fig. 6 gives an
overview of the different ways of driving an MZM to

generate a variety of important modulation formats, and

will be discussed in detail in Sections IV and V.

IV. INTENSITY MODULATION FORMATS

A. Nonreturn-to-Zero On/Off Keying (NRZ-OOK)
The simplest way to generate optical modulation

format is NRZ-OOK, often just referred to as NRZ. At

bitrates of 10 Gb/s and above, NRZ is most conveniently
generated using DMLs or EAMs (for short-reach and

intermediate reach transponders) or chirp-free MZMs (for

long-haul applications). When using an MZM, the

modulator is biased at 50% transmission (often referred

to as the quadrature point, and indicated by black circles in

Fig. 6), and is driven from minimum to maximum

transmission with a voltage swing of V�, as visualized in

Fig. 6. Note that the nonlinear compression of the MZM
transfer function at high and low transmission can

suppress overshoots and ripple on the electrical NRZ

drive signal upon conversion to optical power.

Fig. 7(a) shows the optical spectrum7 and the optical

intensity eye diagram8 of an idealized NRZ signal. The

NRZ optical spectrum is composed of a continuous por-

tion, which reflects the shape of the individual NRZ data

pulses, and a strong discrete tone at the carrier wave-
length. The residual tones at multiples of the data rate R
are generally much weaker than the tone at the carrier

frequency, as determined by the spectrum of an individual

NRZ data pulse.

B. Return-to-Zero On/Off Keying (RZ-OOK)
RZ-OOK transmitters can be implemented either by

electronically generating RZ waveforms, which are then

modulated onto an optical carrier, or by carving pulses out

of an NRZ signal using an additional modulator, called pulse
carver (see Fig. 8). While the first option [78] is feasible up

to data rates of 10 Gb/s with today’s technology [79], [80], a

pulse carver has to be employed at 40 Gb/s and beyond.

Typically, pulse carvers are implemented as sinusoidally
driven EAMs or MZMs, since multigigahertz sinusoidal

signals of appreciable drive amplitude are easily generated.

Using sinusoidally driven EAMs, low duty cycle optical

pulses can be realized. This makes EAM-based pulse

carvers well suited for optical time-division multiplexed

(OTDM) systems, which are used in laboratory experi-

ments to demonstrate per-channel data rates beyond the

capabilities of high-speed optoelectronics [81], [82]. Due
to the variable absorption characteristics and residual

chirp of EAMs, advanced RZ modulation formats are

typically implemented using MZM-based pulse carvers. At

10 and 40 Gb/s, one of the following three carving methods

is usually employed.

• Sinusoidally driving an MZM at the data rate
between minimum and maximum transmission

results in optical pulses with a full-width at half-
maximum (FWHM) of 50% of the bit duration (a

duty cycle of 50%), as shown in Fig. 9 (dashed).

Decreasing the modulation swing while lowering

the modulator bias in order to still reach good ex-

tinction between pulses, the duty cycle can in prin-

ciple be reduced to 36%Vhowever, with significant

excess insertion loss, since the modulator is then no

longer driven to its transmission maximum.

Fig. 6. Overview of different ways to drive an MZM, resulting in

different optical modulation formats (black circles: MZM quadrature

points). See Sections IV and V for details. PC: Pulse carver.

7The optical spectrum is the absolute magnitude squared of the optical
field’s Fourier transform. As such, the optical spectrum contains in-
formation on the temporal phase of the optical field. An optical spectrum
analyzer scans the optical power within a narrow optical resolution
bandwidth.

8The optical intensity eye diagram is a time-domain representation of
the optical intensity (or power). It only contains information on the
optical field’s intensity, and is typically recorded using a photodiode in
combination with a high-speed digital sampling oscilloscope.
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• Sinusoidally driving an MZM at half the data rate
between its transmission minima produces a pulse

whenever the drive voltage passes a transmission

maximum, as visualized in Fig. 9 (solid). This way,

duty cycles of 33% can be realized. The pulses may
be broadened at the expense of extinction ratio

between pulses by lowering the drive voltage.

• Sinusoidally driving an MZM at half the data rate
between its transmission maxima results in pulses

with 67% duty cycle and with alternating phase.

The resulting format [83], [84] is called carrier-
suppressed RZ (CSRZ, Section IV-C).

Spectra and intensity eye diagrams of 50%-duty-

cycle RZ (gray) and 33%-duty-cycle RZ (black), as pro-

duced by an MZM in push–pull operation, are shown in

Fig. 7(b).

C. Carrier-Suppressed Return-to-Zero (CSRZ)
CSRZ [83], [84] is a pseudo-multilevel modulation

format, characterized by reversing the sign of the optical

field at each bit transition. In contrast to the correlative

coding formats detailed in Section IV-F, the sign reversals

occur at every bit transition, and are completely indepen-
dent of the information-carrying part of the signal. CSRZ is

most conveniently realized by sinusoidally driving an

MZM pulse carver at half the data rate between its

transmission maxima, as visualized in Fig. 10. Since the

Fig. 8. Structure of a typical high data rate RZ transmitter, consisting

of a laser source, an external NRZ modulator, and an RZ pulse carver.

Fig. 7. Optical spectra and optical intensity eye diagrams of important modulation formats. Acronyms are defined in the list of acronyms at the

beginning of this paper.
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optical field transfer function TEð�VÞ (dashed) of the

MZM changes its sign at the transmission minimum [cf.
(1) for push–pull operation], phase inversions between

adjacent bits are produced. Thus, on average, the optical

field of half the 1-bits has positive sign, while the other

half has negative sign, resulting in a zero-mean optical

field envelope. As a consequence, the carrier at the optical

center frequency vanishes, giving the format its name.

Since the optical phase in a CSRZ signal is periodic at half

the data rate, the CSRZ spectrum exhibits characteristic
tones at 	R=2. Spectrum and eye diagram of 67%-duty-

cycle CSRZ, as generated by an MZM in push–pull

configuration, are shown in Fig. 7(c).

Using an MZM to generate CSRZ results in a duty cycle

of 67%, which can be brought down to 50% at the expense

of excess insertion loss by reducing the drive voltage

swing. It is important to note that, due to its most widely

used practical implementation with MZMs, the duty cycle

of CSRZ signals usually differs from the one of standard
RZ. Thus, care has to be taken when comparing the two

formats, since some performance differences result from

the carrier-suppressed nature of CSRZ, while others simply

arise from the different duty cycles.

D. Chirped Return-to-Zero (CRZ)
If a controlled amount of analog phase modulation is

applied to a DMF, the qualifier chirped is added to describe

the format. In the case of CRZ [85], [86], or ACRZ [70],

[87], bit-synchronous periodic chirp spectrally broadens

the signal bandwidth. Although this reduces the format’s
suitability for high spectral efficiency WDM systems, it

generally increases its robustness to fiber nonlinearity

[88], [89] and also enhances its resilience to MPI

(Section VI-D). CRZ is predominantly used in ultralong-

haul point-to-point fiber communications, as found in

transoceanic (submarine) systems, with a typical phase

modulation amplitude around 1 rad [85]. Optical spectra

for CRZ with different phase modulation indices m are
shown in Fig. 7(d).

CRZ signals are typically generated by sinusoidally

modulating the phase of a RZ signal at the data rate using a

separate phase modulator. This leads to a complex, three-

modulator transmitter architecture, which requires careful

synchronization of the three drive signals. Integrated

GaAs/AlGaAs modulators for CRZ, combining NRZ data

modulator, RZ pulse carver, and CRZ phase modulator in
one package, have been reported [90]. Alternative imple-

mentations that take advantage of the phase-modulation

properties of dual-drive MZMs [cf. phase term in (1)] have

also been demonstrated [70].

E. Chirped NRZ (C-NRZ), Dispersion-Supported
Transmission (DST), and Electronic Signal
Predistortion (EPD)

Due to CD in positive-dispersion optical fiber

(Section VI-E), higher frequency components contained

in a modulated signal spectrum travel faster than lower

frequency components. The resulting dephasing of
spectral components leads to dispersive pulse broadening

in time, which causes transmission penalties. To first

order, this effect can be mitigated by introducing the

appropriate amount of chirp across each optical pulse:

lowering the frequency across the pulse’s leading edge, and

raising the frequency across the trailing edge, counteracts

CD [91], [92].

Among several other techniques, prechirping of op-
tical pulses can be performed by imbalancing a dual-drive

MZM used for NRZ modulation [68], [69], or by properly

driving a DML, taking advantage of a DML’s residual FM

[62], [63]. Chirp-controlled DML designs have achieved

transmission distances in excess of 200 km at 10 Gb/s

over SSMF [93]. As an extreme example for exploiting a

DML’s FM response, DST [94] predominantly modulates

Fig. 10. Sinusoidally driven MZM as pulse carver for 67%-duty-cycle

CSRZ. The solid and dashed transmission curves apply for the optical

power (TP(�V)) and field (TE(�V)), respectively. The MZM bias point is

indicated by an open circle.

Fig. 9. Sinusoidally driven MZM as pulse carver for 33%-duty-cycle RZ

(solid) and 50%-duty-cycle RZ (dashed). The MZM bias points are

indicated by an open circle.
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the phase of the optical field, with the intent to have the
correct amount of CD convert this phase modulation into

intensity modulation upon transmission. Transmission

distances of 250 km at 10 Gb/s have been achieved using

DST [95].

Another, more advanced technique of prechirping

pulses at the transmitter takes a digital EPD approach [17],

[96]–[99]. Here, both intensity and phase of the optical

field are independently modulated using a digitally pre-
computed analog waveform, such that propagation over a

dispersive fiber reconstructs the desired, undistorted

waveform at a specific target distance. This technique

requires a two-times oversampled digital-to-analog conver-

ter at the transmitter (20-Gsamples/s DAC for 10-Gb/s

channels), and is becoming possible to build at 10 Gb/s

due to advances in high-speed digital electronic signal

processing.
Note, however, that all heavily predistorted or pre-

chirped signals (such as DST or EPD) are only detectable

in the vicinity of the distance which they are predistorted

for. This impedes some important features of advanced

optical networking, such as broadcasting or optical 1 þ 1

protection [98]. Also, EPD can have severe impact on

nonlinear fiber transport [99].

F. Correlative Coding and Partial Response Formats
Optical DB and AMI belong to the general class of

correlative coding formats, a subclass of which being

referred to as partial response signaling [25], [45], [46],

[100]–[102].

As discussed in Section II-B, correlative coding formats

most conveniently employ the signaling set f0;	jEjg to

take advantage of the power-detecting property of direct
detection optical receivers, which automatically convert

the three optical symbols to the two electrical symbols

f0; jEj2g. However, in contrast to CSRZ, correlative coding

introduces a distinct correlation between the optical phase

and the data information: in optical DB, a phase change

occurs whenever there is an odd number of 0-bits between

two successive 1-bits, whereas for AMI the phase changes

for each 1-bit (even for adjacent 1-bits), independent of
the number of 0-bits in between. Table 2 visualizes the

phase correlation used by these formats.

1) Duobinary (DB, PSBT, PASS): The most prominent

representative of partial response formats is DB. In optical

communications, duobinary modulation [103], [104] is

also promoted under the names PSBT [56] and PASS [57];

although PSBT and PASS, like the combined amplitude
phase shift signaling (CAPS) [54], are meant to comprise

more general correlative coding rules between amplitude

and phase, PSBT and PASS are mostly used as synonyms

for DB.

The main benefit of DB signals is their higher tolerance

to CD and narrowband optical filtering compared to binary

signaling formats. This can be understood both in the time

domain [57], [105] and in the frequency domain [25],

[106], [107]. The time-domain explanation considers a

1 0 1 bit pattern, which for duobinary is encoded as

þ1 0 �1. If, due to dispersion or optical filtering, the
two 1-bit pulses spread into the 0-bit between them,

duobinary encoding lets them interfere destructively, thus

maintaining a low 0-bit level. Conventional OOK formats,

on the other hand, let the pulses interfere constructively,

which raises the 0-bit level and closes the eye. The

frequency-domain explanation is based on the narrower

spectral extent of properly filtered DB signals [cf.

Fig. 7(e)], which reduces dispersion induced signal dis-
tortions.9 The spectral compression of DB results from the

smoother þ1 0 �1 transition of properly filtered duo-

binary as compared to the sharper þ1 0 þ1 transition of

conventional OOK.

As shown in the inset to Fig. 11, duobinary

transmitters use a differentially precoded version of the

data signal [46], [107] at the input; this precoded data

stream exhibits a level change for every 0-bit contained in
the original data sequence. Although decoding at the

receiver instead of precoding at the transmitter is also

possible, precoding at the transmitter is preferable to

avoid error propagation after detection [46], [102]. The

precoded sequence is converted into a three-level

electrical signal by means of severe electrical low-pass

9Note that it is the entire spectral shape rather than just the 3-dB
bandwidth that influences the robustness of a format to CD.

Fig. 11. Duobinary signals are generated by driving an MZM around its

transmission minimum using a three-level electrical drive signal,

generated from the precoded data signal by either: (a) a delay-and-add

circuit or (b) some other appropriate low-pass filter.
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filtering. The low-pass filter can either be implemented as
a delay-and-add filter [Fig. 11(a)] or as some other type of

filter with suitable roll-off characteristics and a 3-dB

bandwidth of about 25% of the bitrate [Fig. 11(b)]. Delay-

and-add filters typically result in a better back-to-back

sensitivity, while carefully tailored low-pass characteris-

tics yield higher tolerance to CD at the expense of some

back-to-back sensitivity penalty [106] (cf. Section VI-B).

The three-level electrical signal is then used to drive a
chirp-free MZM between its transmission maxima, as

shown in Fig. 11. Alternatively, an MZM designed for

one-fourth of the desired data rate may be used to com-

bine the functionality of low-pass filtering and modu-

lation [108], [109], which has allowed MZM-based DB

modulation up to 107 Gb/s [110].

Note that electrical low-pass filtering can equivalent-

ly be performed in the optical domain: passing a binary
signal with levels f�1;þ1g, also known as phase-shift

keying (PSK, Section V-A), through a narrowband

optical bandpass filter produces optical duobinary [111]

(see Fig. 16).

2) Alternate-mark inversion (AMI, DCS): AMI, sometimes

also classified as partial response due to the way it is

generated [102], does not share the bandwidth limitation
characteristic of other partial response formats. In optics,

AMI is typically implemented in RZ form (RZ-AMI). Like

other RZ-OOK formats using auxiliary phase coding, the

additional phase modulation of AMI can help to reduce the

effects of some fiber nonlinearities (see Section VI-H).

Optical spectrum and intensity eye diagram of 33%-duty-

cycle RZ-AMI are shown in Fig. 7(f).

One possible AMI transmitter implementation is iden-
tical to the DB transmitter of Fig. 11(a), except that it uses

an electrical delay-and-subtract circuit (high-pass filter)

instead of the delay-and-add (low-pass) filter used for DB.

To obtain RZ-AMI, the data modulator is then followed by

any standard RZ pulse carver. Another transmitter struc-

ture, shown in Fig. 12(a), first generates binary (phase or

intensity) modulation in NRZ form (f�1;þ1g or f0;þ1g),

as shown in the upper plot of Fig. 12(b). This signal is then
passed through an optical delay-and-subtract filter, im-

plemented by an optical DI with delay � � T, where T is

the bit period. To act as a delay-and-subtract filter, the DI

is set for destructive interference at its output in the pres-

ence of an unmodulated input signal. As indicated by the

hatched area and the double arrow in Fig. 12(b), optical

pulses of alternating phase are produced at the DI output

whenever the NRZ input signal differs from its � -delayed
version (dashed). By varying � , RZ-AMI signals with dif-

ferent duty cycles can be generated without the need for an

active, pulse carving modulator [112]–[114].

Yet another possibility of generating RZ-AMI is

readily understood by comparing the DB and AMI phase

encodings in Table 2: if a DB signal is passed through a

CSRZ pulse carver, the bit-alternating phase reversals in-

herent to CSRZ convert DB into AMI. This fact has lead

to the name duobinary-carrier-suppressed as a sometimes

encountered synonym for AMI [29], [113], [115]. In

recent literature, the term Bmodified duobinary[ has also

been used to denote AMI. Note, however, that modified

duobinary is not equivalent to AMI, but represents a

distinctly different modulation format. Modified duobin-
ary is a partial response format that is generated using a

delay-and-subtract circuit with a two-bit delay ð� ¼ 2TÞ
[45], [46], [102], [116].

G. Vestigial Sideband (VSB) and Single
Sideband (SSB)

Apart from shaping (and compressing) the optical
signal spectrum by means of (pseudo)-multilevel signaling

or correlative coding, it is possible for some modulation

formats to additionally suppress half of their spectral

content by appropriate optical filtering. Since the

spectrum of real-valued baseband signals is symmetric

around zero frequency, filtering out the redundant half of

the spectrum (i.e., one of the two spectral sidebands)

preserves the full information content. This is exploited in
SSB signaling, where one sideband is completely

suppressed, and in VSB signaling, where an optical filter

with a gradual roll-off is offset from the optical carrier

frequency to suppress major parts of one sideband, while

at the same time performing some filter action on the

other [46]. As an important caveat, note that the vast

majority of optical receivers uses square-law detection
rather than coherent detection. In order to be a successful
candidate for VSB or SSB filtering, a real-valued modu-

lation format has to maintain square-law detectability

after conversion into VSB or SSB. While SSB filtering is

hard to implement in practice due to difficulties in

realizing the appropriate optical or electrical filter func-

tions [25], [117], [118], optical VSB has been success-

fully demonstrated on NRZ-OOK [4], [9], [119], [120],

Fig. 12. (a) Possible structure of a variable duty cycle RZ-AMI

transmitter. (b) A signal in NRZ format interferes with its �-delayed

replica (dashed) in a DI, producing pulses of alternating phase.
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RZ-OOK [121], and CSRZ-OOK [122], [123]. Fig. 7(g)

and (h) show optical spectra and intensity eye diagrams

of VSB-NRZ and VSB-CSRZ; the corresponding VSB

filter shapes are also shown (dashed).

In a WDM system, VSB filtering can either be done at

the transmitter (i.e., before or in combination with multi-
plexing the WDM channels) [122], [123] or at the receiver
(i.e., after or in combination with demultiplexing) [4], [9],

[119], [120]. Filtering at the transmitter, shown for VSB-

CSRZ in Fig. 13(a), allows for ultimate spectral compres-

sion and highly spectrally efficient WDM transmission.

The advantage of VSB filtering at the receiver comes

from reduced WDM channel crosstalk for the desired

sideband, if unequal WDM channel spacings are em-
ployed. This situation is visualized in Fig. 13(b) for VSB-

NRZ [4], [9], [119], [120], showing the composite spec-

trum of five wavelength division multiplexed (double-

sideband) NRZ-OOK signals with alternating channel

spacings of 1.2 and 1.7 times the data rate R. Severe

WDM crosstalk is introduced for the sidebands over-

lapping on the closer spaced sides (region A), making

them useless for detection. On the other hand, sig-
nificantly less crosstalk is found for the sidebands on the

larger spaced sides (region B) than would be present if the

channels were spaced on an equally spaced frequency grid

for the same spectral efficiency of 0.7 b/s/Hz.

V. DIFFERENTIAL PHASE
MODULATION FORMATS

In order to detect information carried by the optical field’s

phase by means of square-law detection, phase-to-intensity

converting elements have to be inserted into the optical

path prior to the photodiode. Due to the absence of an

optical phase reference at such a (noncoherent) receiver,

the phase reference has to be provided by the signal itself:

each bit acts as a phase reference for another bit, which is

at the heart of all DPSK formats [124].

A. Binary Differential Phase Shift Keying (DPSK)
Differential binary PSK (DBPSK, or simply DPSK)

encodes information on the binary phase change between
adjacent bits: a 1-bit is encoded onto a � phase change,

whereas a 0-bit is represented by the absence of a phase

change. Like OOK, DPSK can be implemented in RZ and

NRZ format. The main advantage from using DPSK instead

of OOK comes from a 3-dB receiver sensitivity improve-

ment [20], [125], which can be intuitively understood from

Fig. 3(c), showing that the symbol spacing for DPSK is

increased by
ffiffiffi
2

p
compared to OOK for fixed average

optical power [124]. This increased symbol distance makes

DPSK accept a
ffiffiffi
2

p
larger standard deviation of the optical

field noise than OOK for equal BER, which translates into

a 3-dB reduction in OSNR.

An optical DPSK transmitter is shown in Fig. 14. Like

for DB or AMI, the data signal is first differentially en-

coded at the transmitter, which avoids error propagation

that may occur by differential decoding at the receiver
[46], [102]. The precoding operation is visualized by the

two bit patterns in Fig. 14. The phase of the optical field of

a narrow-linewidth laser source is then flipped between 0

and � using the precoded data sequence.

To perform optical phase modulation, one can either

use a straight-line phase modulator (PM) or an MZM [126].

The difference between the two phase modulation

schemes is indicated by the dashed double-arrows in
Fig. 3(c): a PM modulates the phase along the unit circle in

the complex plane, leaving constant the intensity of the

phase-modulated light. This is visualized in Fig. 14, where

the upper intensity and phase waveforms apply to a PM.

However, since the optical phase directly follows the

electrical drive signal, the speed of phase transitions is

Fig. 13. VSB transmission of optical signals using: (a) VSB filtering of

CSRZ at the transmitter or (b) an unequally spaced frequency grid to

avoid WDM channel crosstalk for NRZ [4], [9], [119], [120].

Fig. 14. Setup of a RZ-DPSK transmitter. Phase modulation can

either be achieved using an MZM or by means of a straight-line PM,

resulting in different intensity and phase waveforms.
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limited by the combined bandwidth of driver amplifier and

phase modulator, and any overshoot or ringing in the drive
waveform manifests itself in phase distortions. An MZM,

symmetrically driven around zero transmission, modulates

along the real axis through the origin of the complex optical

field plane [cf. Fig. 3(c)], which always produces exact �
phase jumps at the expense of residual optical intensity

dips at the locations of phase transitions (see MZM wave-

forms in Fig. 14). Since exact phase modulation is more

important for DPSK than a constant optical intensity,
practical DPSK transmitters are most conveniently im-

plemented using an MZM as a phase modulator [124]. Like

for OOK, a pulse carver can be inserted to convert the

NRZ-DPSK signal to RZ-DPSK, if desired.

Fig. 7(i) and (j) show optical spectra and intensity eye

diagrams for NRZ-DPSK and 33%-duty-cycle RZ-DPSK,

respectively. Note the absence of a 0-bit rail in the eye

diagrams, which is characteristic of phase-modulated for-
mats. The intensity dips between two bits in the NRZ-

DPSK eye represent the residual intensity modulation of

the MZM caused by the finite NRZ drive signal bandwidth

(cf. Fig. 14).

Since DPSK cannot directly be received using square-

law detection, a DI is inserted in the optical path at the

receiver to convert the differential phase modulation

into intensity modulation. As shown in Fig. 15(a), a DI
splits the phase modulated signal into two paths, which

experience a delay difference equal to the bit duration T
(25 ps at 40 Gb/s) in order to let two neighboring bits

interfere at the DI output. In practice, this differential

delay is implemented by different physical path lengths

within the DI, and needs to be designed to within 	10%

for a 0.5-dB penalty [124], [127]. In addition, the DI path

length difference has to be fine-tuned with subwavelength
accuracy (i.e., on the order of 10 nm, corresponding to

less than 0.1 fs, in the 1550-nm wavelength range) in

order to control the interference conditions at the DI

output [124], [127]. Maintaining good interference is the

most critical aspect in the design of high-performance

DPSK receivers, as discussed in more detail in the context

of DQPSK receivers in Section V-B. At the DI output port

A (the Bdestructive port[), the two optical fields interfere
destructively whenever there is no phase change, and

constructively whenever there is a phase change between

subsequent bits, in agreement with the differential

precoding rule. Due to energy conservation within the
DI, the second DI output port B (the Bconstructive port[)

yields the logically inverted data pattern. In principle, one

of the two DI output ports is sufficient to fully detect the

DPSK signal (single-ended detection). However, the 3-dB

sensitivity advantage of DPSK is only seen for balanced
detection [124], [128], [129]; as shown in Fig. 15(a), a

balanced receiver forms the difference of ports A and B
to obtain the electrical decision variable. The reason for
the superior performance of balanced detection compared

to single-ended detection is the non-Gaussian noise

statistics, characteristic of beat-noise limited systems

[124], [128], [129].

Note that the DI used for DPSK demodulation is

functionally equivalent to the DI discussed in the context

of AMI. Fig. 15(b) shows, on a logarithmic scale, the

sinusoidal transmission characteristics of ports A and B of
a DI as a function of frequency. The laser carrier frequency

is indicated by a dotted line. Both transmission spectra are

periodic with period 1=T. The destructive DI output port A
acts as a delay-and-subtract filter (high-pass characteristics

to first order), while the constructive port B is a delay-and-

add filter (low-pass characteristics to first order) [111]. Not

surprisingly, the formats seen at ports A and B are AMI

and DB, respectively. Fig. 16 summarizes the interesting
relationship between the modulation formats discussed so

far, all starting from the same binary transmit data stream.

The apparent lack of symmetry in Fig. 16 (no arrow from

NRZ to DB) is due to the fact that narrowband optical

filtering of NRZ-OOK results in a duobinary signal with

three intensity levels [130], in analogy to the three-level

electrical drive waveform shown in Fig. 11. Such a signal

cannot take advantage of the square-law detecting property
of photodiodes and requires special detection schemes

[131], [132].

Fig. 15. (a) Balanced DPSK receiver using an optical DI to convert

phase modulation to intensity modulation. (b) Periodic DI power

transmission characteristics for the destructive port ðAÞ and the

constructive port ðBÞ.

Fig. 16. Relationship between NRZ (including C-NRZ and VSB-NRZ),

DPSK, DB, and AMI. Arrows indicate how to transition from one format

to another, starting from the same binary electrical data stream.
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B. Differential Quadrature Phase Shift Keying
(DQPSK)

DQPSK is the only true multilevel modulation format

(more than one bit per symbol) that has received

appreciable attention in optical communications so far

[49]–[51], [133]–[138]. It transmits the four phase shifts

f0;þ�=2;��=2; �g at a symbol rate of half the aggregate

bitrate (cf. Table 2).

As in the case of DPSK, a DQPSK transmitter is most
conveniently implemented by two nested MZMs operated

as phase modulators. Fig. 17 shows the corresponding

transmitter setup [50], [90], consisting of a continuously

operating laser source, a splitter to divide the light into

two paths of equal intensity, two MZMs operated as phase

modulators, an optical �=2-phase shifter in one of the

paths, and a combiner to produce a single output signal.

The symbol constellations of the upper and lower paths as
well as at the modulator output are also shown, together

with the symbol transitions. Using this transmitter struc-

ture, one first takes advantage of the exact �-phase shifts

produced by MZMs, independent of drive signal over-

shoot and ringing. Second, this transmitter structure

requires only binary electronic drive signals, which are

much easier to generate at high speeds than multilevel

drive waveforms. Optionally, a pulse carver can be added
to the structure to produce RZ-DQPSK.

Optical spectrum and intensity eye diagram for NRZ-

DQPSK and 50%-duty-cycle RZ-DQPSK are shown in

Fig. 3(k) and (l). Note that the shape of the DQPSK optical

spectrum is identical to that of DPSK, but the DQPSK

spectrum is compressed in frequency by a factor of two due

to the halved symbol rate for transmission at fixed bitrate.

The compressed spectrum is beneficial for achieving high
spectral efficiencies in WDM systems [47], [49], [136]

(Section VI-C), as well as for increased tolerance to CD

[49], [139] (Section VI-E); the longer symbol duration

compared to binary modulation formats makes DQPSK

more robust to PMD (Section VI-F) [49], [139].

Like at the transmitter, one also strives to work with

binary electrical signals at the DQPSK receiver due to

implementation benefits in high-speed electronics. At the

receiver, the DQPSK signal is thus first split into two equal

parts, and two balanced receivers of the form depicted in

Fig. 15(a), but with differently biased DIs, are used in

parallel to simultaneously demodulate the two binary data
streams contained in the DQPSK signal [49]. Note that the

DI delay has to equal the symbol duration for DQPSK

demodulation, which is twice the bit duration. The price of

this receiver structure is a six times lower tolerance to

frequency drifts between transmit laser and DI compared

to DPSK [124], [140]. For example, at 40 Gb/s and for a

1-dB penalty, DPSK tolerates 	1.2 GHz of laser-to-DI

frequency mismatch, whereas DQPSK only allows for
	200 MHz. At 10 Gb/s, the tolerances are even tighter by

a factor of four. Note in this context that the end-of-life

stability of wavelength-locked DFB lasers used in commer-

cial optical transmitters amounts to 	2.5 GHz, which

requires feedback-controlled DI tuning within the receiver.

Furthermore, any polarization-dependent frequency shift of

the DI transfer characteristics has to be kept below the

respective format’s tolerance to frequency offsets [124],
[127], [140]. An innovative DI design that simultaneously

demodulates both binary bit streams of a DQPSK signal

mitigates the problem [141].

VI. OPTICAL NETWORKING WITH
ADVANCED MODULATION FORMATS

WDM systems require optical signals to propagate over
long distances of optical fiber without optical-to-electrical-

to-optical (O/E/O) regeneration; as mentioned in the

introduction, the very value proposition of WDM lies in

sharing optical components among many channels for as

long an optical transmission distance as possible. This

includes optical routing of densely packed WDM channels

by means of OADMs. Typical transmission distances of

different types of WDM systems are listed in Table 3.
The basic structure of a WDM system is shown in Fig. 18.

The optical signals generated by N TXs at wavelengths 	i

are multiplexed onto a single optical fiber using a WDM

multiplexer (mux). Acting as an optical bandpass filter

for each channel, a mux confines the spectral extent of a

modulation format in order to avoid WDM crosstalk with

neighboring channels (see Section VI-C). After propagating

over a series of transmission fiber spans and periodically
spaced OAs (Section VI-A), the WDM channels are

Fig. 17. Structure of a DQPSK transmitter. Two MZMs are used as

phase modulators, and the two separately modulated fields are

combined with a :/2 phase shift [49], [50].

Table 3 Classification of WDM Systems
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separated using a WDM demultiplexer (demux), and

detected by per-channel RXs. The demux, again, acts as

an optical bandpass filter for each channel to suppress both

interference from neighboring WDM channels and OA

noise (see Section VI-B). A possible OADM architecture,
consisting of a demux followed by a mux, with intermediate

access to the individual WDM channels, is also shown in

Fig. 18.

In the remainder of this section, we address the

question of how advanced optical modulation formats can

help to combat impairments found in highly spectrally

efficient optically routed WDM networks. In general,

modulation formats simultaneously need to be:
• resilient to noise from OAs and in-band crosstalk;

• tolerant to CD and PMD;

• robust to fiber nonlinearity and inaccuracies in

dispersion maps;

• amenable to repeated optical filtering due to

OADMs;

• narrowband to enable high SE.

A. Single-Mode Fiber: Loss and Amplification
Optical fiber is classified into multimode fiber (supporting

many transverse propagation modes) and single-mode fiber
(supporting propagation of only a single transverse mode)

[142]. Whether a fiber is single-mode or multimode depends

on the waveguide geometry and on the transmitted optical

wavelength. Because of severe modal dispersion in multimode
optical fiber, transmission beyond a few hundred meters at

multigigabit/s data rates requires single-mode optical fiber

[143], which all systems listed in Table 3 are based on.

Single-mode optical fiber is an exceptionally transpar-

ent medium. Modern telecom fiber features attenuation

coefficients below 0.2 dB/km across a bandwidth of many

THz. This value should be compared to typical coaxial

cable losses of several tens of dB/km for only a few
hundred MHz bandwidth. Nevertheless, after substantial

propagation distances, fiber loss reduces the signal power

below the detectability threshold of optical receivers,

which makes systems require optical amplification. Op-

tical amplifiers can either be designed as lumped ele-

ments (e.g., erbium-doped fiber amplifiers, EDFAs [144],

[145]), typically spaced 80 to 100 km apart in terrestrial
long-haul systems, and 40 to 60 km in submarine

systems, or amplification can be distributed by introduc-

ing gain along the transmission fiber (e.g., distributed

Raman amplification [146], [147]). Widely independent

of the amplification scheme, and in contrast to many RF

amplifiers, most OAs do not distort optical signals; they

exhibit constant gain across the spectrum of a single

WDM channel, even at per-channel bitrates of 40 Gb/s;
the main impact of optical amplification is the generation

of ASE [144], [145].

B. Amplified Spontaneous Emission (ASE)
From a modulation format point of view, ASE by itself

represents an optical source of Gaussian noise. Like the OA

gain, the ASE spectrum is typically constant (Bwhite[)

across the signal spectrum [145]. Note, however, that the

statistical properties of ASE can be modified by nonlinear

interactions during fiber propagation (cf. Section VI-G). If

multiple optical amplifiers are concatenated to periodically
compensate for fiber loss, ASE builds up in the system, in

analogy to the noise build-up in an electrical amplifier

chain [148]. This noise build-up is captured by the OSNR,

which degrades with every amplifier along the propagation

path [144], [145]. The OSNR is typically defined as the

average optical signal power divided by the ASE power,

measured in both polarizations and in a 12.5-GHz optical

reference bandwidth.10

In converting the optical signal into an electrical signal

SðtÞ, a square-law detecting optical receiver lets the ASE

field NðtÞ beat against the optical signal field EðtÞ to yield

SðtÞ/jEðtÞ þ NðtÞj2 ¼ jEðtÞj2þjNðtÞj2 þ 2RefEðtÞN�ðtÞg.

The first term on the right-hand side represents the de-

sired electrical signal, while the second and third terms

represent, respectively, ASE-ASE beat noise and signal–ASE
beat noise [145], [148], [149]. Note that the signal–ASE beat
noise term depends on the optical signal, in particular on

the optical signal power. This signal-dependent nature of

detection noise is typically not found in RF engineering, but

is characteristic of many optical communication systems.

In well designed fiber-optic receivers, the two beat

noise terms dominate all other noise terms (e.g., thermal

noise), and the receiver is called beat-noise limited [26]. The

noise performance of a beat-noise limited receiver is fully
characterized by the required OSNR ðOSNRreqÞ, which is

the OSNR that is needed to obtain a specified target BER

[26]. Obviously, detection noise in a beat-noise limited

receiver is neither Gaussian nor stationary; the noise sta-

tistics depend markedly on the optical signal power, signal

waveform, and receive filter characteristics [26], which has

serious implications for numerical BER predictions.

10The data rate independent choice of this reference bandwidth has
historic reasons: 0.1 nm (corresponding to 12.5 GHz at a wavelength of
1550 nm) is a convenient resolution bandwidth of optical spectrum
analyzers that are used to measure the OSNR.

Fig. 18.Generic setup of a WDM optical line system, consisting of N TXs

and RXs at wavelengths 	i. Wavelength channels are combined and

separated by WDM multiplexers (mux) and demultiplexers (demux).

Each transmission span is followed by an OA. Intermediate wavelength

routing is enabled by OADMs.
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Table 4 gives an overview of some key characteristics of

most optical modulation formats discussed in Sections IV
and V. The second and third columns summarize TX and

RX hardware complexity in terms of the optoelectronic

component requirements. The fourth column specifies

OSNRreq, based on semianalytic BER simulations that

properly take into account the non-Gaussian noise statistics

of beat-noise limited detection through Karhunen–Loève

series expansions [124], [128]. The assumed 42.7 Gb/s are

representative of a 40-Gb/s per-channel bitrate, including
a 7% overhead for FEC, as standardized for terrestrial11

fiber transmission systems [151]. Since enhanced FEC

schemes for multigigabit/s optical communications are

able to correct BER values of 10�3 to values below 10�16

[16], Table 4 is based on 10�3 as the target BER for stating

OSNRreq. The TX implementations correspond to the ones

underlying Fig. 7. All simulations assume an optical line

system according to Fig. 18 with second-order super-
Gaussian [91] mux and demux, having 3-dB bandwidths of

85 GHz each; such filters are characteristic of a WDM

system with 100 GHz ITU channel spacing [10]. The

receiver electronics are assumed to have a fifth-order

Bessel low-pass characteristics with 30-GHz bandwidth.

Nonideal component characteristics (e.g., group delay

ripple of filters, undesired frequency offsets of filters or

DIs) are neglected.
While actually measured values for OSNRreq may differ

somewhat from the numbers given in Table 4 due to

various optical and electronic hardware implementation

aspects, including drive waveforms, filter characteristics

[60], and modulator extinction ratio [152], some general

facts are worth mentioning. First, we note that RZ formats
in general require 1–3 dB less OSNR for identical BER

than their NRZ equivalents [58], [59], [61]. For beat-noise
limited receivers, this is mostly due to the reduced impact

of ISI on RZ formats. RZ-AMI turns out to be particularly

well performing among all OOK formats, which has also
been proven experimentally [114].

The spectrally narrow DB format exhibits a back-to-

back penalty of typically 1–2 dB compared to OOK for-

mats. This penalty is generated by the V-shaped eye

opening [cf. Fig. 3(e)] leading to poor 0-bit detection

performance, as well as by the wider-than-optimum optical

filtering assumed [153]. As such, the penalty depends on

the choice of filters at transmitter and receiver; for the
numbers given in Table 4, an 11-GHz fifth-order Bessel

electrical lowpass filter was used to implement the duo-

binary transmitter. As discussed below, the penalty can be

reduced by tighter optical filtering (acting on the eye shape

and on detection noise) or by residual CD (acting on the

eye shape only).

Using DPSK instead of intensity modulation, OSNR

requirements are significantly reduced. The gain of
balanced-detection DPSK over OOK is generally inde-
pendent of the target BER and typically amounts to around

3 dB (cf. RZ-OOK and RZ-DPSK in Table 4). Depending on

the modulation waveforms and optical as well as electrical

filters, the gain of DPSK can also exceed 3 dB (cf. NRZ-

OOK and NRZ-DPSK in Table 4). The most sensitive

modulation format practically suitable for multigigabit/s

operation that is known today12 is RZ-DPSK.
It is worth noting from Table 4 that DQPSK requires

only 1–1.5 dB higher OSNR than DPSK at poor BER (e.g.,

10�3). At good BER (e.g., 10�12), the OSNR gap between

DPSK and DQPSK increases, and DQPSK approaches the

performance of OOK [45]. Leaving aside TX/RX complex-

ity aspects, the good OSNR performance at FEC error

ratios makes DQPSK an attractive candidate for optically

routed networks that require narrow optical signal spectra.

Table 4 Overview of Modulation Formats and Some Performance Values at 42.7 Gb/s. (Required OSNR at BER ¼ 10�3)

PD: photodiode; OF: optical filter; PC: pulse carver.

11Submarine systems use FEC schemes with overheads of up to 25%
[150].

12In principle, pulse position modulation (PPM) is known to have
even better performance for some (space-borne) applications [154];
however, its use is limited to a few Gb/s by high-speed modulation and
detection electronics.
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Finally, we want to remind the reader that all OSNR
requirements listed in Table 4 are bitrate specific due to the

convention of assuming a fixed optical noise reference

bandwidth of 12.5 GHz. The OSNR numbers increase by

3 dB for every doubling in bitrate.

C. Filter Narrowing and WDM Crosstalk
One of the most striking differences among the mod-

ulation formats displayed in Fig. 7 is their different
spectral extent. Not surprisingly, some formats are better

suited than others when it comes to tight WDM channel

packing, quantified by the SE or ISD defined in the in-

troduction. Over the past few years, optical transport sys-

tems have been pushed to SEs of 0.8 b/s/Hz, and in some

research experiments even beyond by means of polariza-

tion multiplexing or polarization interleaving.13 Apart

from important SE-dependent nonlinearity considerations
(see Section VI-G), the two dominant impairments arising

from dense WDM channel spacings in optically routed

networks are coherent WDM crosstalk and filter narrowing.

Similar to signal–ASE beat noise, coherent WDM

crosstalk between an optical signal field EðtÞ and the

residual optical field RðtÞ of a neighboring WDM chan-

nel after WDM demultiplexing produces interference at

square-law detection: SðtÞ / jEðtÞ þ RðtÞj2 ¼ jEðtÞj2þ
jRðtÞj2 þ 2RefEðtÞR�ðtÞg. For copolarized WDM chan-

nels, degradations come mostly from the beat interference

term 2RefEðtÞR�ðtÞg, which depends on the polarization

between adjacent WDM channels, and is largely sup-

pressed by polarization-interleaving, where adjacent WDM

channels are transmitted in orthogonal polarizations. The

beat interference term also depends on the optical wave-

form of the interfering channel, carrying a randomly dif-
ferent data stream, as well as on the random carrier-phase

difference between WDM channels [155]. Careful mux

and demux design has to ensure that WDM crosstalk is

suppressed as much as possible, while signal distortions

through overly narrow optical filtering are kept to a mini-

mum [156]–[159].

Multiple OADMs in optically routed networks with

high SE represent a concatenation of several mux–demux
filters to the express channels (cf. Fig. 18); this conca-

tenation narrows the overall optical filter bandwidth and

distorts the signal. For example, concatenating five

perfectly aligned OADMs, each containing two second-

order super-Gaussian filters, reduces the effective 3-dB

bandwidth to 56% of the bandwidth of a single filter.

Practically unavoidable wavelength offsets between mul-

tiple filters or between filters and laser wavelengths exac-
erbate the bandwidth reduction effect.

The fifth and sixth columns in Table 4 give,

respectively, the required OSNR for the concatenation of

10 OADMs in a system suitable for 0.4 b/s/Hz SE (85-GHz
bandwidth for mux and demux filters at the TX, RX, and

within each OADM) and 5 OADMs for 0.8 b/s/Hz SE

(43-GHz bandwidth for mux and demux filters at the TX,

RX, and within each OADM). It can be seen that some

formats, most notably DB, exhibit an OSNR improvement
when tightly filtered. This phenomenon arises both from

ASE truncation and from beneficial waveform shaping

through filtering [153], [160]. It can also be seen that
supposedly narrowband modulation formats (most notably

NRZ-OOK) do not lend themselves well to concatenated

filtering at high spectral efficiencies, the reason being

their high susceptibility to ISI and hence their low ro-

bustness to filter-induced signal distortions. Offsetting the

laser frequency and properly shaping the mux filter to

produce VSB enables 0.8 b/s/Hz for both VSB-NRZ and

VSB-CSRZ. (In Table 4, both VSB mux and laser fre-
quency offset were numerically optimized for 5 OADMs

in a system suitable for 0.8 b/s/Hz SE.) One of the best

suited formats for high-SE channel packing is RZ-DQPSK.

Note that the simulation results shown in Table 4

represent the effect of filter concatenation only, as they were

carried out for a single WDM channel. The values there-

fore apply to a WDM system using polarization inter-

leaving. Depending on the modulation format, coherent
WDM crosstalk can lead to further penalties, especially at

0.8 b/s/Hz SE; properly capturing coherent WDM cross-

talk in numerical simulations for various modulation

formats is still a topic of active research [155], [159].

However, it has been shown experimentally that RZ-

DQPSK [136] and VSB-CSRZ [123] show no penalty in a

0.8-b/s/Hz SE WDM networking environment.

Another aspect of filter narrowing is closely related to
nonlinear fiber propagation: since OADMs can be spaced

by several hundred kilometers in optically routed net-

works, a modulation format suitable for high-SE networks

has to simultaneously lend itself to multiple passes

through OADMs and to nonlinear fiber propagation over

appreciable distances. The impact of joint impairments

incurred in this scenario has been experimentally studied

for 40-Gb/s systems with 0.4 and 0.8 b/s/Hz SE using a
variety of modulation formats [27], [161]–[164]. In these

studies, DB, VSB-CSRZ, and RZ-DQPSK are identified as

the best suited formats for optically routed networks at

0.8 b/s/Hz SE.

D. Multipath Interference (MPI)
MPI describes the coherent interference of a signal

with residual signals at the same wavelength [165]. As

shown in Fig. 19(a), these residual signals can be multiple

reflections of the desired signal due to imperfect, reflective

fiber connectors or, more fundamentally, due to double-

Rayleigh backscattering (DRB), e.g., in Raman-amplified

systems. In optically routed networks, MPI can also arise

from imperfect drop capabilities of OADMs [Fig. 19(b)].

13Record transmission results are typically reported in the postdead-
line sessions of the annual Optical Fiber Communication Conference
(OFC) and the annual European Conference on Optical Communication
(ECOC).
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In complete analogy to signal–ASE beat noise and

coherent WDM crosstalk, MPI gives rise to signal-MPI

beat noise at square-law detection. The impact of MPI on

system performance depends on the number of interferers

causing MPI [165]–[167], the OSNR due to ASE [165],
[168], the modulation format [165], [168], [169], the em-

ployed signal waveform (in particular the signal extinction

ratio) [165], [169], [170], and the phase coherence of the

interfering signal(s) in combination with the burst-error

correction properties of the underlying FEC scheme [155],

[171]. In general, broadband modulation spectra (RZ for-

mats or chirped modulation) are less susceptible to MPI

due to reduced signal-MPI beat noise [165], [172], [173].

E. Chromatic Dispersion (CD)
The equation for the evolution of an optical field

Eðz; tÞ, representing a modulated optical signal propagat-

ing in z-direction along a dispersive fiber is given by [91]

@E

@z
þ i

2
�2ðzÞ @2E

@t2
� 1

6
�3ðzÞ @3E

@t3
þ �ðzÞ

2
E ¼ 0 (2)

where �ðzÞ denotes the fiber loss coefficient (or gain

coefficient, if distributed amplification is used), and captures

the signal power evolution along the fiber. For a transmis-

sion fiber with uniform loss, we have �ðzÞ ¼ �0. The

parameter �2ðzÞ is called group velocity dispersion (GVD),

and represents the change in group velocity with angular

frequency !. The GVD is obtained from the propagation

constant �ð!Þ using �2 � ½d2�=d!2!¼!0
where !0 is the

angular reference frequency at which the GVD is evaluated.

The coefficient �3ðzÞ accounts for the change of GVD with

angular frequency ð�3 � ½d�2=d!!¼!0
� ½d3�=d!3!¼!0

Þ,
and is referred to as the third-order CD parameter. In the

engineering community, the dispersion parameter D, given

in units of ½ps=ðkm � nmÞ, is more commonly used than �2

for the specification of fiber dispersion, as it relates more

directly to measurements [91], [92]. Its relation to the GVD
is given by

DðzÞ ¼ � 2�c

	2
�2ðzÞ (3)

where c is the speed of light in vacuum, and 	 is the signal

wavelength. Note from (3) that D and �2 have opposite

signs. The coefficient �3ðzÞ of (6) is related to the more

easily measurable dispersion slope SðzÞ through the relation

SðzÞ � dD

d	
¼ 4�c

	3
�2ðzÞ þ

2�c

	2

� �2

�3ðzÞ: (4)

The bandwidths of most signals at bitrates of 2.5, 10, and

40 Gb/s are much narrower than the bandwidth over

which �2 varies for the most common fiber types (see

Table 5, and note that a bandwidth of 1 nm corresponds to
125 GHz at 1550 nm wavelength). As a result, �3 repre-

sents an effective change of �2 from channel to channel in

a WDM system rather than having a noticeable impact

within a WDM channel itself.

Since CD depends both on the fiber material (material
dispersion) and on the waveguide geometry (waveguide
dispersion), the dispersion of optical fiber can be en-

gineered to achieve a wide range of positive and negative
values. Optical fiber with negative dispersion (DCF) is used

to compensate for the dispersion accumulated along the

typically positive-dispersion transmission fiber. Dispersion

parameters for commercial transmission fiber and DCF are

given in Table 5. DCF have highly negative dispersion

values to achieve high dispersion compensation with short

lengths of DCF, and thus low DCF loss [174]. A large

amount of installed fiber infrastructure is SSMF. Newer
fiber plant is often based on NZDF.

As mentioned in Section IV-E, CD produces a spread in

the propagation speed for different spectral components

contained in a modulated optical signal; the effect of

dispersion due to propagation over a fiber of length L is

captured by multiplying the Fourier transform EinðfÞ of an

optical field EinðtÞ by a quadratic phase term

EoutðfÞ ¼ EinðfÞ exp � i�	2f 2DL

c

� �
(5)

which in the time domain results in signal distortions and
typically in pulse broadening [91]. The resulting ISI de-

grades the signal quality by corrupting the peak amplitude

of the 1-bits and by raising the amplitude within the 0-bits

through optical interference of neighboring 1-bits. Due to

the symmetric transfer function of CD, optical signal fields

Fig. 19. MPI can result from (a) DRB in fibers or from (b) imperfect

channel dropping within OADMs.

Table 5 Dispersion Parameters of Commercial Fiber at 1550 nm
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whose spectral phase is symmetric (or anti-symmetric)
around zero frequency experience the exact same amount

of distortion for equal positive and negative values of dis-

persion. This applies in particular to real-valued, un-

chirped modulation formats. In contrast, chirped formats

are distorted differently for positive and negative disper-

sion [91], as discussed in Section IV-E.

The seventh column in Table 4 quantifies the accu-

mulated CD D � L [ps/nm] that yields a 2-dB penalty in
OSNRreq at 42.7 Gb/s, assuming no OADMs and

mux/demux bandwidths of 85 GHz. Most modulation

formats exhibit dispersion tolerances on the order of

50 ps/nm, the exception being some spectrally narrow14

formats, which in general yield significantly better dis-

persion tolerance [25], [48]. This is reflected by the high

values for DB and DQPSK. Note that dispersion tolerance

values, like back-to-back OSNR requirements, can depend
to an appreciable extent on the waveforms and filters used

in the system. Where applicable, the numbers in brackets

in the seventh column of Table 4 refer to the dispersion

tolerance in a system with five OADMs at 0.8 b/s/Hz SE

(cf. Section VI-C). Since filter narrowing curtails the

signal spectrum, an increase in dispersion tolerance is

typically observed. Only DB, tailored (by optimized

electrical low-pass filtering at the receiver) for high dis-
persion tolerance in the absence of severe optical filtering,

sees a reduction in dispersion tolerance (albeit an im-

provement in sensitivity) when tightly filtered. This

discussion shows that the performance of a modulation

format to various impairments cannot be taken in isola-

tion, but has to be evaluated in the context of the system it

is operating in. Another important example is the format-

dependent shrinkage of dispersion tolerance in the pres-
ence of fiber nonlinearity, which, for example, is more

pronounced for DB than for NRZ-OOK (see Section VI-H).

Furthermore, we want to point out that advanced digital
signal processing at the receiver can significantly increase

the dispersion tolerance. For example, by using an MLSE

at 10.7 Gb/s, an increase in dispersion tolerance by up to a

factor of 2.6 has been reported for NRZ-OOK [15], [175].

Note, however, that the amount of increase in dispersion
tolerance due to equalization depends on the equalization

technique as well as on the modulation format [13]–[15],

[32], [175]. For example, MLSE reception of DB improves

the dispersion tolerance by a factor of 1.3 only [175].

Note that the CD values given in Table 4 apply for

42.7 Gb/s and scale quadratically with bitrate: a fourfold

increase in bitrate is accompanied by a 16-fold reduction

in dispersion tolerance. This quadratic scaling is evident
from (5), and may be intuitively understood from the fact

that the amount of temporal pulse spreading is inversely

proportional to the pulsewidth [82], and the amount of

pulses per unit time interval increases linearly with bit-

rate. As a useful coincidence, we want to mention that the
numerical value of the dispersion tolerance (in [ps/nm])

at 40 Gb/s is almost identical to the dispersion tolerance

(in km SSMF, D ¼ 17 ps/nm) at 10 Gb/s. For example, if a

signal tolerates 54 ps/nm at 42.7 Gb/s, it can propagate

over roughly 54 km of SSMF at 10.7 Gb/s for the same

OSNR penalty.

From a systems perspective, the resistance of a signal to

CD helps to relax fiber specifications and minimizes the
need for installing DCFs. Note that CD is a linear phe-

nomenon. Hence, DCF can be located or distributed

anywhere in an optical path in the absence of fiber

nonlinearity, since order or placement of fiber types does

not affect linear system performance. However, most

optical communication systems operate under fiber non-
linearity, which makes the proper placement of DCF an

important system design aspect, as discussed in detail in
Section VI-G.

F. Polarization-Mode Dispersion (PMD)
Because of its circular symmetry, the single transverse

propagation mode of single-mode fiber exists in two

degenerate polarization modes, which have identical

propagation properties in ideal optical fiber. In reality,

however, minute waveguide asymmetries, either due to
manufacturing imperfections or due to stress imposed by

mechanical vibrations or temperature variations let the

two polarization modes become slightly nondegenerate.

The resulting two polarization-eigenstates are called

principal states of polarization, exhibiting different group

velocities, and giving rise to a DGD. The DGD manifests

itself in dispersive pulse broadening: after square-law

detection, the electrical signal is given by the sum of the
signal powers in both (x and y) polarizations, SðtÞ ¼
jExðtÞj2 þ jEyðt � DGDÞj2. This phenomenon is called

polarization-mode dispersion (PMD) [176]. If the DGD is

constant over wavelength, we refer to first-order PMD,

while we use the term higher order PMD if the DGD

changes with wavelength. For many applications, the DGD

can be considered constant across a single WDM channel

but varying across multiple channels.
The eighth column in Table 4 quantifies the tolerance

of different modulation formats to first-order PMD. It

shows the DGD [ps] that leads to a 1-dB OSNR penalty. For

most modulation formats, a 1-dB penalty occurs at a DGD

between 30 and 40% of the symbol duration, with RZ

formats being in general more resilient to PMD than NRZ

formats [176], [177]. Note that the resilience to PMD, in

addition, depends to an appreciable extent on the wave-
forms [178], [179] and filters [178], [180], as well as on

other residual distortions. For example, the tolerable

amount of DGD for DB is almost doubled (1-dB penalty at

11 ps DGD) when operated at 211-ps/nm residual CD [181].

A similar effect is seen for VSB-NRZ when passing through

5 OADMs at 0.8 b/s/Hz SE (1-dB penalty at 10 ps DGD).

Note that the tolerance to first-order PMD scales linearly

14Note that it is the entire spectral shape rather than just the 3-dB
bandwidth that influences the robustness of a format to CD.
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with symbol duration. Therefore, DQPSK has about twice
the PMD tolerance of binary modulation formats at the

same bitrate. The tolerance to first-order PMD shrinks

linearly with bitrate.

The main problem with PMD in optical fiber systems

is its stochastic nature, letting PSPs and DGD vary on

timescales between milliseconds (acoustic vibrations) and

months (temperature variations of buried fiber) [182].

The rare occurrence of exceedingly high DGD values pro-
hibits worst case system design; instead, systems are allo-

cated some margin (e.g., 1 dB), and the rare occurrence of

DGDs exceeding the margin results in system outage.

Properly specifying the outage probability is an important

interface between fiber manufacturers, systems integra-

tors, and service providers [176]. If outage requirements

cannot be met, PMD has to be compensated on a per-

channel basis at the receiver, or the PMD tolerance of the
respective modulation format has to be increased using

optical [183] or electronic [14], [15], [184], [185] equali-
zation techniques.

G. Fiber Kerr Nonlinearity
The transverse mode of signals propagating in single-

mode optical fibers is highly confined to the fiber core. The

effective area of the modes typical ranges from 20 to

110 �m2. As a result of this very strong confinement, light

intensities within optical fibers can exceed a MW/cm2.
At such high optical intensities, the fiber’s index of re-

fraction is affected by the presence of optical signals

through the Kerr effect [91], and signal-induced refrac-

tive index changes translate into changes of the signals’

optical phases. These phase rotations, in conjunction

with fiber dispersion, result in waveform distortions that

increase with signal power.

1) Equation of Propagation: The evolution of a single-

polarization optical field Eðz; tÞ in the presence of

instantaneous Kerr nonlinearity in an optical fiber can be

written as [91]

@E

@z
þ i

2
�2ðzÞ @2E

@t2
� 1

6
�3ðzÞ @3E

@t3
þ �ðzÞ

2
E ¼ i�jEj2E: (6)

The Kerr nonlinearity coefficient � is defined as � ¼
n2!0=ðcAeffÞ, where n2 is the nonlinear refractive index
coefficient and Aeff is the effective mode area. Equation (6)

is often referred to as the generalized nonlinear Schrödinger
equation (GNSE). Note that the field E in the GNSE can

contain all the fields present in the optical fiber, including

the optical field of many WDM channels as well as ASE.

2) Nonlinear Transmission Regimes: If fiber loss or gain as

well as third-order dispersion are neglected (i.e., � and �3

are 0), and if �2ðzÞ is a z-independent constant (i.e., the

fiber has constant dispersion along its length), (6) is
known as the nonlinear Schrödinger equation (NSE) which

has soliton solutions if dispersion is anomalous (i.e., �2 G 0

or D 9 0). Soliton solutions all have the same temporal

pulse profile (hyperbolic-secant-squared power profile),

specific pulsewidths, and power levels that produce a

periodic power evolution along the fiber length [186].

The most important soliton in optical communications is

the fundamental soliton (i.e., the lowest-power soliton)
that propagates undistorted along the propagation path

[91], [187]–[189]. From a modulation format point of

view, solitons do not represent a distinct modulation

format, but fall within the broader class of RZ-OOK.

During fiber propagation, fundamental solitons achieve

an exact balance between dispersion and nonlinearity, as

first demonstrated in 1980 [190]. Optical solitons have

later been used in many system experiments [191]–[194]
(see also [35], [188], [189], [195] for reviews). A draw-

back of soliton communication systems is that they re-

quire transmission fibers with low dispersion (D ÈG 3 ps/

(km–nm) at bitrates near 10 Gb/s; at these low dis-

persion values, the phenomenon of FWM between WDM

channels becomes important and limits transmission

[196], [197]. For this reason, fundamental solitons are

not attractive for commercial systems.
For nonlinearity-resistant transmission at per-channel

data rates of 10 Gb/s and above, three regimes of trans-

mission over optical fibers are prominent: dispersion-
managed solitons, quasi-linear transmission, and pseudolinear
transmission.

It was found in 1995 [198] that the solitonic effect can

still play a significant role, even for transmission fibers

with high dispersion [D È9 3 ps/ (km–nm)], where fun-
damental solitons cannot be used, if one periodically

distributes DCFs with positive GVD �2 (or negative

dispersion D) along the transmission line. If �2ðzÞ is a

periodic function with sufficiently low path-averaged

dispersion,15 (6) has an approximate solution called

dispersion-compensated soliton or dispersion-managed soliton
[199]–[201]. Dispersion-managed solitons are the solitons

that best fit fiber-optic communication systems using
dispersion compensation, and have been used in many

system experiments [198], [202]–[207]. Note that the

dynamics associated with dispersion-managed solitons still

require an average balance of dispersive effects and

nonlinear effects in the transmission fiber (in contrast to

the exact balance needed for fundamental solitons). This

average balance occurs at a per-channel bitrate of about

10 Gb/s over the majority of commercial fiber, and ex-
plains why all dispersion-managed soliton experiments

have been performed near this bitrate.

Even though dispersion-managed solitons are concep-

tually attractive, alternative regimes of transmission have

15The path-averaged dispersion is the CD averaged over the
propagation path length.
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demonstrated similar or superior resistance to fiber

nonlinearity. One such alternative regime is the CRZ
regime [88], [89], which is also referred to as the quasi-
linear regime. As mentioned in Section IV-D, analog pe-

riodic phase modulation is imprinted on the RZ-OOK

signal, with a phase modulation index tailored to the
length of the transmission line. This allows to decrease the

solitonic effect in the line, generally resulting in slightly

better performance than for dispersion-managed soliton

systems [89]. Like for dispersion-managed solitons, this

regime of transmission is best suited for per-channel bit-

rates around 10 Gb/s.

Another regime of transmission, referred to as pseu-
dolinear transmission [82], [208], [209] allows efficient
nonlinear transmission for high-speed signals (È9 10 Gb/s).

In this regime, the signal waveform evolves very fast along

the fiber length, which averages out the nonlinearities be-

tween bits from the same channel as well as the nonlin-

earities between different channels. The pseudolinear

regime has been demonstrated at per-channel bitrates as

high as 320 Gb/s [210].

3) Types of Nonlinear Distortions: In order to better

understand the origin and performance of different non-

linear transmission regimes, we decompose the Kerr non-

linearity in (6) into more specific nonlinear interactions

that can distort optical signals in different ways. A

summary of nonlinear interactions is presented in

Fig. 20, and in Sections VI-G4 and VI-G6.

Fiber nonlinearities occuring between pulses of the
same WDM channel or between a WDM channel and ASE

are referred to as intrachannel nonlinearities. When the

nonlinearities occur among two or more WDM channels,

we use the expression interchannel nonlinearities. The im-

portance of each class of nonlinearities depends signifi-
cantly on the per-channel bitrate. As a rule of thumb,

interchannel effects affect WDM systems most strongly at

per-channel bitrates of 10 Gb/s and below (i.e., dispersion-

managed solitons and quasi-linear regime), while intra-

channel nonlinearities affect systems most strongly at

bitrates above 10 Gb/s (i.e., pseudolinear transmission).

The impact of fiber nonlinearity also depends on the local

fiber dispersion: in general, lower dispersion fiber [jDj ÈG
10 ps/(km-nm)] has stronger interchannel effects than

fiber with high local dispersion [jDj È9 10 ps/(km-nm)].

Nonlinear interactions between signal and noise depend

significantly on the noise level, and become stronger if the

OSNR is poor during propagation, which has become par-

ticularly important with the use of FEC.

The impact of fiber nonlinearity on various modulation

formats depends strongly on the physical characteristics of
the underlying optical network. Fig. 21 presents the results

of an extensive numerical study, showing the dominant

nonlinearity for a given spectral efficiency and fiber dis-

persion for plain OOK modulation formats with various

duty cycles. The figure should be read as follows: for a

given spectral efficiency (upper x-axis), the figure gives the

optimum per-channel bitrate (lower x-axis) that allows for

maximum signal launch power at a fixed penalty due to
nonlinearities; maximizing the signal launch power also

maximizes the OSNR delivered at the receiver, and for

equal signal distortion minimizes the BER. The figure then

shows the most important nonlinearity that limits trans-

mission for various local fiber dispersion values (vertical

Fig. 20. Classification of nonlinearities in optical fibers. Intrachannel

and interchannel stand for nonlinearities occurring within or between

WDM channels, respectively.

Fig. 21. Significance of inter- and intrachannel nonlinear impairment

in WDM systems of different per-channel bitrates. For high-speed TDM

systems exceeding 10 Gb/s per channel, the dominant nonlinear

interactions are intrachannel cross-phase modulation and intrachan-

nel four-wave mixing.
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axis). For instance, at bitrates of 2.5 or 10 Gb/s, and as
explained in more detail in Section VI-G4, OOK signals are

mostly limited by FWM, XPM, or SPM. At 40 Gb/s and

above, intrachannel nonlinearities are dominating for OOK

as soon as fiber dispersion exceeds a few ps/(km-nm). The

broken arrow at the top of Fig. 21 shows that the optimum

modulation format in terms of nonlinear transmission

changes from NRZ to RZ (50% and 33% duty cycles)

around 10 Gb/s per channel.

4) Signal–Signal Interactions: Starting from (6), we can

analytically break down nonlinear effects into more

elementary nonlinear interactions, as displayed in

Fig. 20. To this end, we decompose an aggregate of

WDM channels into the sum of individually interacting

WDM channels (for interchannel nonlinearities), or a

single WDM channel into the sum of individually inter-
acting bits (for intrachannel nonlinearities). For instance,

by decomposing a WDM multiplexed field E into three of

its interacting field components E1, E2 and E3, we rewrite

(6) in terms of the three fields E1 through E3. Under the

condition of small signal distortions, the equation can be

separated into three coupled equations, one for each field

component. For example, the equation describing the

evolution of E1 is given by

@E1

@z
þ i

2
�2ðzÞ @2E1

@t2
� 1

6
�3ðzÞ @3E1

@t3
þ �ðzÞ

2
E1

¼ i�jE1j2E1|fflfflfflffl{zfflfflfflffl}
SPM

þ 2i� jE2j2 þ jE3j2
 �

E1|fflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
(I)XPM

þ i�E2
2E�

3|fflfflffl{zfflfflffl}
(I)FWM

(7)

where the terms on the right-hand side involving E2 and E3

are responsible for the nonlinear effects of XPM and FWM

if the fields E1 through E3 represent individual WDM

channels; if the fields E1 through E3 represent individual

bits from a single WDM channel, these terms are respon-

sible for IXPM and IFWM. Note that SPM sometimes

refers to SPM that an entire channel is experiencing and
sometimes refers to SPM that a pulse is producing on

itself.

Intrachannel nonlinearities are particularly impor-

tant to advanced optical modulation formats at high per-

channel bitrates. Numerous detailed analyses reveal how

these nonlinearities impact transmission [82], [211]–[216].

Figs. 22 and 23 show the effects of IXPM and IFWM,

respectively, as experienced by a 40-Gb/s RZ-OOK signal
after nonlinear propagation. In the case of dominating

IXPM [208] (Fig. 22), timing jitter is present after transmis-

sion. In a system limited by IFWM (Fig. 23), shadow pulses
(ghost pulses) [208], [209] are created in originally empty

time slots. Amplitude jitter is also present, and both effects

impair transmission for systems limited by IFWM [82].

Most advanced modulation formats are geared toward a

reduction of intrachannel nonlinearities; IXPM and IFWM

are sensitive to auxiliary phase coding (pseudo-multilevel
or correlative coding) used by advanced modulation for-

mats [212].

5) Dispersion Mapping: One of the most powerful and

most widely used techniques to reduce the impact of fiber

nonlinearity is the use of dispersion mapping, referring to

the precise placement of DCFs in optical networks [82],

[217], [218]. One can understand dispersion mapping by
noting that the effect of fiber nonlinearity at a given point

in a network depends on the characteristics of the optical

signal fields at that point. Furthermore, the waveform

conditions at a given point in a network are largely

Fig. 22. Effect of IXPM on a 40-Gb/s RZ-OOK signal. The upper graph

shows the signal waveform before (dashed line) and after (solid line)

transmission. The main effect of IXPM is to produce timing jitter, as

observed on the eye diagram in the lower graph.

Fig. 23. Same as Fig. 22 but for a system limited by IFWM. In the

upper graph, one can observe the presence of small pulses in the

location of initially empty slots (‘‘zeros’’). Such pulses are referred

to as shadow pulses (ghost pulses).
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dependent on the accumulated dispersion the signal has

experienced from the transmitter up to that point in the

network (see Fig. 24). Consequently, a judicious place-
ment of DCFs can be used to control the signal accumu-

lated dispersion in a network in order to reduce the impact

of fiber nonlinearity. Dispersion mapping is a significant

part of the design of virtually all optical communication

systems, from metro to ultralong haul (cf. Table 3).

Fig. 25 shows an example of a dispersion map. This type

of dispersion map, having the same residual dispersion for

every span, is referred to as singly periodic dispersion map.
Only three parameters are necessary to define a singly

periodic dispersion map: dispersion precompensation,

RDPS, and NRD. The optimization of these three param-

eters for a given fiber type, bitrate, channel spacing and

modulation format allows for maximum signal launch

power and thus largest delivered OSNR at the receiver

and best BER [219] while keeping low nonlinearity-

induced signal distortions.

Other types of dispersion maps are also possible and

have been studied [212], [220], [221]. An example for an

advanced dispersion map is the doubly periodic dispersion
map [222], [223] where periodic corrections of the dis-

persion map improve nonlinear transmission or adjust the

dispersion level for optimum detection at periodically

spaced OADM sites. Achieving a certain value of dis-

persion may be challenging, since the dispersion of fibers

is often known only to a certain accuracy. Variations in the

fiber manufacturing process, inaccurate dispersion mea-

surements of installed fiber infrastructure, effects of
temperature variations on dispersion [224], [225], and a

finite number of commercially available DCF modules

(Bgranularity[ of DCFs) are factors that contribute to a

reduction in dispersion map accuracy. Because of these

uncertainties, it is important to consider the resistance of

various modulation formats to dispersion map inaccu-

racies [226].

An example of the way dispersion maps are analyzed is
given in Fig. 26 for NRZ-OOK at 10.7 Gb/s. The required

OSNR for the center channel of an 11-channel WDM

transmission simulation is presented as a function of

precompensation and NRD, two of the three parameters

defining a singly periodic dispersion map. The third pa-

rameter, the RDPS, was set to a fixed value of 100 ps/nm;

15 spans of 80-km SSMF and a per-channel fiber launch

power of 2.6 dBm were assumed. Such plots allow finding
optimally robust dispersion map parameters for a given

modulation format.

6) Signal–Noise Interactions: In addition to the signal–

signal interactions described in previous sections, the

signal can also interact with optical noise through fiber

nonlinearities. The dominant source of optical noise in a

transmission line is typically the ASE generated by in-line

Fig. 24. Evolution of an RZ-DPSK waveform as a function of cumulative

dispersion. The data-encoded phases are indicated on upper graph.

Despite having identical pulses intensities at the TX, the phase

coding creates a waveform without periodic structures after

dispersion. The average power is 1 mW.

Fig. 25. Example of a dispersion map showing the cumulative

dispersion as a function of distance.

Fig. 26. Example of a robustness analysis for a singly periodic

dispersion map and NRZ-OOK. The contour lines represent the

required OSNR. The back-to-back required OSNR is 10.9 dB.
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optical amplification. One can distinguish between two
forms of nonlinear interactions that involve signal and

noise.

A first form of nonlinear signal–noise interaction that

can affect transmission in optical fibers falls in the

category of parametric amplification [91]. In such a process,

noise amplification occurs through the presence of one or

many signals in a passive nonlinear medium. When a

single wave is involved in this process, one uses the term
modulation instability. In the context of fiber-optic com-

munication systems, parametric amplification of noise and

modulation instability manifest themselves mainly by the

amplification of noise in a limited frequency band (up to

� 50 GHz) around the signal central frequency [227],

[228]. XPM can also induce modulation instability in

fibers [229], [230]. Modulation instability and parametric

amplification have more impact on signals propagating at
low OSNR, like systems using FEC [231].

A second form of nonlinear signal–noise interactions

manifests itself in noise-induced nonlinear distortions of

specific signal characteristics (e.g., amplitude, timing,

phase, or frequency [148], [232]. Upon nonlinear propa-

gation, the temporal pulse profile can be well preserved,

but fluctuations in other pulse characteristics due to

nonlinear interactions can largely exceed the fluctuations
induced by the linear presence of noise. A classic example

is the nonlinear interaction between optical solitons and

ASE that leads to wandering of the soliton positions in

their respective bit slots (Gordon–Haus timing jitter [233]).

Another example, particularly relevant to advanced phase

modulation formats, is nonlinear phase noise, sometimes

referred to as the Gordon–Mollenauer effect [234]. This

effect can be explained as follows: noise that happens to
add constructively to some bits in a pulse train results in an

increase in amplitude for these bits, while noise that adds

destructively to some other bits results in reduced pulse

amplitudes. These noise-induced random differences in

pulse amplitudes among different bits affect SPM-induced

phase rotations. Random amplitude differences are there-

fore translated into random phase differences by fiber

nonlinearity. This bit-to-bit randomization of the optical
phase is particularly harmful to modulation formats that

use phase coding to transmit data, such as DPSK [235], [236]

and DQPSK. Fig. 27 shows the effect of nonlinear phase

noise on a 50%-duty-cycle RZ-DPSK signal at 42.7 Gb/s

using a balanced receiver [237]. The signal distortion is

measured by the required OSNR necessary to obtain a

BER of 10�3. The lower curve (circles) applies to a hypo-

thetical system where noise is only added at the RX. Thus,
only deterministic (intrachannel) signal–signal nonlinea-

rities are present, but no nonlinear phase noise. When,

again hypothetically, all the noise is added at the TX and

copropagates with the signal over the entire transmission

line, the receiver needs a higher OSNR to maintain

BER ¼ 10�3 due to nonlinear phase noise (triangles). A

realistic system, where noise is added at every OA along

the transmission path (32 OAs in this case) is represented

by squares in Fig. 27.

In addition to SPM, XPM can also mediate nonlinear

phase noise [238]. The amplitude variations created by

noise on channels can be transferred as phase distortions
onto other channels through XPM. This phenomenon can

become an important limitation for tight channel spacings

(� 50 GHz and below) at low bitrates (10 Gb/s) [238].

H. Nonlinearities and Modulation Formats
Even though a detailed understanding of the limita-

tions from fiber nonlinearities for advanced modulation

formats is still an active research topic, some numerical
and experimental investigations suggest the types of

nonlinear effects that are typically limiting transmission:

intensity-modulated formats are limited by the effects

discussed in the context of Fig. 21. For phase-modulated

formats, at 2.5 and 10 Gb/s, the main limitations on non-

linear transmission generally come from nonlinear phase

noise. At 40 Gb/s and above, intrachannel nonlinearities

dominate, even though nonlinear phase noise can become
a limitation at low OSNR (see Fig. 27).

Since fiber nonlinearity depends on a multitude of

system parameters, the comparison of modulation formats

with respect to their resilience to fiber nonlinearity is

often somewhat subjective. For example, one commonly

used way to quantify the resistance of a format to fiber

nonlinearity is to find the optimum signal launch power by

minimizing the BER for each format after a certain trans-
mission distance. Two modulation formats are then said to

have the same resistance to fiber nonlinearity if they

achieve their respective minimum BER at the same signal

launch power. Note that because of differences in receiver

sensitivity by 5 dB and more (see Table 4), the minimum

BER may differ substantially between two modulation

Fig. 27. Effect of nonlinear phase noise on the required OSNR for

single-channel transmission of a 42.7 Gb/s 50% RZ-DPSK signal.

Fiber parameters are 32 spans of 80 km, D = 4.5 ps/(km/nm),

S = 0.045 ps/(nm2–km), � = 0.2 dB/km, n2 = 2.5 x 10/20 m2/W,

and Aeff = 52.86 2m2. The dispersion map is an SPDM with

precompensation = –250 ps/nm, RDPS = 20 ps/nm, and

NRD = 20 ps/nm.
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formats even though they can have identical resistance to

fiber nonlinearity (same optimum power levels). Modula-

tion formats impacted by nonlinear phase noise can suffer

further degradations at low delivered OSNR, resulting in

a need to reassess the resistance to nonlinearity as the
delivered OSNR changes for these formats. The remain-

der of this section focuses mostly on per-channel data

rates of 40 Gb/s, since this is where advanced modulation

formats start to become most beneficial. Additional com-

parisons of various advanced modulation formats for

nonlinear transmission can be found in [239]–[241].

One of the first advanced modulation formats that was

discussed in the context of optically amplified transmis-
sion systems was DB. At 10 Gb/s, the primary goal for

using DB is to increase dispersion tolerance, while at

40 Gb/s, DB is mainly attractive for high spectral

efficiency WDM systems. Despite its early implementa-

tion [103], [104], only a limited number of long-distance

DB transmission demonstrations have been performed

[241]–[248]. At 40 Gb/s, the resistance of DB to non-

linear transmission (with near-optimum dispersion map-
ping) does not differ substantially from similar duty

cycle OOK [241], [246]. At 10 Gb/s, the first effect of

fiber nonlinearity on DB is to reduce its dispersion

tolerance [249]. Fig. 28 illustrates this phenomenon,

showing the dispersion tolerance of 10-Gb/s DB and

NRZ systems after linear (solid) and nonlinear (NRZ:

dashed, DB: dotted) transmission. The transmission is

over 16 spans of SSMF at 50-GHz WDM channel spacing
and at þ5 dBm/ch for both formats. In spite of the large

dispersion of SSMF ½D ¼ 17 ps=ðkm nmÞ, the dominant

nonlinearity is XPM due to the small channel spacing.

Note that the large linear dispersion tolerance of DB

(	4000 ps/nm at a 2-dB OSNR penalty) shrinks to

become similar to the dispersion tolerance of NRZ after

transmission (1500 ps/nm full width of the 2-dB

dispersion window). This can be understood by realizing
that XPM, as its name indicates, most importantly dis-

torts the signal phase. Since the phase coding of DB is
important for its dispersion tolerance, XPM rapidly

destroys the dispersion tolerance of DB. However, a de-

tailed assessment of the nonlinear transmission perfor-

mance of DB in WDM systems at 10 Gb/s still remains

to be performed.

Early studies of the effect of fiber nonlinearity on

advanced modulation formats at per-channel data rates of

40 Gb/s used CSRZ [83], [250]. High powers over short
reach showed that CSRZ is capable of suppressing IFWM

due to the alternating phases from bit to bit [84], [251].

CSRZ was later used for longer reach experiments [252]

and high spectral efficiencies of 0.8 b/s/Hz using strong

optical filtering at the TX were achieved [253].

As mentioned in Section IV-G, narrow optical filtering

can be applied at the transmitter or at the receiver to

generate VSB formats [9], [42], [254], [255]. Experimental
demonstrations [9], [121] suggest that, in the pseudolinear

transmission regime, nonlinear transmission of VSB

formats does not significantly differ from the transmission

of the same signal without VSB filtering (double-sided

formats).

Since IFWM depends on the relative phase between

pulses [82], a variety of ways to encode an auxiliary op-

tical phase modulation on the signal can be developed to
suppress the specific effects of IFWM [55], [221], [256]–

[261]. In a particularly interesting study [258], Randel

showed that an optimum choice of relative phases

between adjacent pulses to suppress IFWM in a set of

four consecutive bits can be either f0; �=2; 0; �=2g or

f0; 0; �; �g. The mechanism for the reduction of IFWM

using this coding schemes is by destructive interference

of IFWM effects [258], [262]. This auxiliary phase en-
coding leads to modulation schemes with memory, either

using pseudo-multilevel modulation or correlative coding

(cf. Fig. 2).

Phase modulation (DPSK and DQPSK) has received

considerable attention in recent years, mainly due to im-

proved receiver sensitivity relative to OOK when balanced

detection is employed (cf. Table 4). The nonlinear trans-

mission of phase modulation formats is affected mainly by
nonlinear phase noise [235], [238] (at 10 Gb/s) and by

IFWM (at 40 Gb/s and higher). Because phase modulation

is affected by nonlinear phase noise, transmission penal-

ties are determined not only by the signal evolution but

also by the level of copropagating noise, which should

always be quoted in this context (cf. Fig. 27).

Propagation of 40-Gb/s DPSK over the most common

fiber types (NZDF and SSMF) indicates that DPSK has a
similar resistance to fiber nonlinearity as CSRZ when

operated at an OSNR at the receiver that yields a BER of

around 10�3, suitable for FEC decoding. Even though

DPSK and CSRZ may have similar resistance to fiber

nonlinearity, the improved receiver sensitivity of DPSK

generally results in better BER for DPSK relative to CSRZ,

resulting in better system performance.

Fig. 28. Reduction of the dispersion tolerance of DB with nonlinear

transmission. NRZ results are shown for comparison. The large

dispersion tolerance of DB relative to NRZ in linear transmission

almost completely disappears after nonlinear transmission.
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Many flavors of DPSK exists, including various RZ duty
cycles ranging typically from 33% (RZ-DPSK) to 100%

(NRZ-DPSK). In pseudolinear transmission, formats with

lower duty cycles are generally more resistant to intra-

channel nonlinearities for OOK formats [82]. For DSPK,

the differences in nonlinear transmission between similar

ranges of duty cycles are smaller than for OOK [263], [264].

Promising transmission results of DQPSK have also

been reported [133], [136], [265]. However, a detailed
comparison of the transmission performance of DQPSK to

other modulation formats still remains to be performed.

At 10 Gb/s, the focus of advanced modulation formats

is to improve transmission with little attention devoted to

spectral efficiency, as spectral efficiencies in 10 Gb/s-based

systems typically do not exceed 0.4 b/s/Hz. At bitrates near

10 Gb/s, the waveform disperses slowly during propaga-

tion; as a result, 10 Gb/s per channel systems suffer
more from nonlinear phase noise than higher bitrate

systems [235]. Experimental demonstrations using DPSK

at 10 Gb/s in submarine systems [266] suggest an

improvement in BER relative to OOK. However, the

improvement in BER is less than the difference of

receiver sensitivity between DPSK and OOK, indicating

that DPSK is less resistant to fiber nonlinearity than

OOK at 10 Gb/s in ultralong-haul systems due to
nonlinear phase noise.

Finally, future optically routed networks will incorpo-

rate OADMs and the simultaneous resistance to the effects

of optical filtering from OADMs on the one hand, and fiber

nonlinearity on the other hand is required. A study [161]

of long-haul propagation of different binary formats at

42.7 Gb/s in a transmission line that incorporate OADMs

shows that nonlinear transmission can be strongly altered
after tight optical filtering. Such findings emphasize how

severely the nonlinearity performance of advanced

modulation formats depends on the particular network

specifications.

VII. CONCLUSION

High per-fiber capacities at an attractive cost per
transported information bit are enabled by spectrally

efficient WDM transport on flexible, optically routed

networks. Advanced modulation formats play an important

role in the design of such networks. We have discussed the

generation and detection of the most important optical

modulation formats for multigigabit/s per-channel data

rates, where limits of available RF technology place

important restrictions in the implementation of transpon-
ders. We have compared intensity and phase modulation

formats with respect to their back-to-back receiver

performance as well as their resilience to MPI and

coherent crosstalk. We have discussed the robustness of

optical modulation formats to signal distortions induced

by CD, PMD, narrowband optical filtering, and fiber Kerr

nonlinearity. h
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