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Chapter 16 Bandwidth-Efficient Modulation 
Formats for Digital F iber 
Transmission Systems 

Jan Conradi 

Corning Inco1porated, Corning, New York 

1. Introduction

As the time-division multiplexed (TDM) bit rates of fiber-optic systems have 
increased from the early systems operating at DS-3 [1] to modern commercial 
rates of 9.95328 Gb/s (OC-192/SDH-64) over single-mode fibers, attention 
has turned to the deleterious effects of chromatic dispersion in nondisper­
sion shifted single-mode fiber (NDSF). For instance, a system operating at 
2.48832Gb/s (OC-48/SDH-16) using a wavelength in the region ofminimum 
loss ( ~ 1550 nm) sees a chromatic dispersion coefficient close to 17 ps/km­
nm, which results in a 1 dB eye-closure penalty at a distance around 700 km 
when the signal is transmitted chirp free, such as can be accomplished 
with a LiNbO3 modulator driven in push-pull configuration. Because the 
chromatic-dispersion-limited distance varies approximately inversely as the 
bit rate squared [2], this distance is reduced by a factor of about 16 at OC-192 
compared with OC-48. With a bit of prechirping at the transmitter [3], this 
distance can be improved to ~ 100 km at 10 Gb/s, a distance that is quite com­
parable to practical loss-limited distances at this bit rate. However, with the 
advent of the erbium-doped fiber amplifier (EDFA), dramatic increases in 
loss-limited transmission distances became possible, with the result that most 
terrestrial long-haul systems have a degree of dispersion-limited performance, 
which depends on the type of modern fiber used and the nature of the disper­
sion compensation technique used to reverse the chromatic dispersion of the 
fiber [see 4,5]. 

As the push for higher capacity and longer reach continues, TDM rates and 
the number of wavelength-division multiplexed (WDM) channels continue to 
increase, causing WDM channel spacings to decrease, thereby placing added 
emphasis on the impact of dispersion as well as intra- and interchannel nonlin­
earities. One technology that could improve system performance is the use of 
transmission formats that provide better immunity to dispersion and/or non­
linear fiber impairments as well as allowing higher channel density or spectral 
efficiency. The interplay of these items is often somewhat mutually exclusive in 
that nonlinear impairments as well as spectral :filtering requirements in opti­
cal demultiplexers get more difficult to handle as channel separation decreases. 
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16. Bandwidth-Efficient Modulation Formats 863 

If transmission formats can be conceived ( or adapted from those that have been 
used in radio or other wireline communications systems) and implemented 
that produce a transmission spectrum that is narrower than the commonly 
used non-return-to-zero (NRZ) format, some dispersion benefit should con­
sequently accrue, either by way of not•requiring any dispersion compensation 
at all or requiring less compensation . · ·· 

However, there is another, and perhaps more compelling, reason for explor­
ing alternative transmission formats that have reduced spectral occupancy. 
This is illustrated in Table 16.1, where we indicate the. decreasing channel sepa­
rations and increasing TDM bit rates at which dense WDM (DWD M) systems 
have evolved, and through which the total system capacities and spectral effi­
ciencies have been dramatically increased. To a great extent the economics of 
higher and higher bit rate systems is based on increasing total system capacity 
within the spectrum available from an EDFA, simply by filling up the EDFA 
spectrum with signal spectrum. The quantitative measure of this is the system 
spectral efficiency, which is defined as the ratio of the individual channel bit 
rate to the DWDM channel separation, and it is this quantity that is becoming 
the fundamental limiting factor in increasing system capacity. 

To illustrate this with NRZ transmission in which the individual bits are 
modeled ideally as rectangular pulses occupying the full time slot of duration 
T = l/ B whereB is the bit rate, the baseband power spectral density (for square 
NRZ pulses of amplitude A) has a sine function relationship given by [6] 

(16.1) 

and is illustrated in Fig. 16.la . 
Thus the baseband NRZ signal spectrum can be represented in the fre­

quency domiin by a power spectral density that has nulls at +/-NB, where 
N is an integer, which upon amplitude modulation of an optical .carrier at 
frequency fc is frequency translated to be situated on either side of the optical 
carrier frequency, as illustrated in Fig. 16.1 b. 

Thus the tr�nsmission bandwidth, if measured between the first nulls on 
either side of the carrier, is twice the bit rate, and is centered on the optical 
carrier frequency. Normally, the baseband spectrum above + /- B is filtered 

Table 16.1 System Capacity Evolution 

Bit Rate (Gbls) Channel Spacing (GHz) Spectral Efficiency (%) 

2.5 

10 

40 

100/50/25 

200/100/50 

200/100 

2.5/5/10 

5/10/20 

20/40 
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Fig. 16.1 (a) Baseband power spectral density for NRZ and (b) power spectral density 

of an NRZ signal amplitude modulated onto a carrier atfc (only positive frequencies 
shown). 

out, which results in practical pulses with nonzero rise and fall times, which 
also substantially reduces the frequency content of the signal spectrum above 
the first nulls in the spectrum at the bit rate B. This also reduces spectral 
overlap between adjacent optical channels in a DWDM configuration, which 
can be placed at frequency intervals of 2B without incurring interchannel 
interference or cross-talk, and thus the maximum spectral efficiency for NRZ

is 50% with this simple approximation. In a practical sense a spectral efficiency 
of 40% is realistic. 

Thus for 10 and 40 Gb/s, the channel separations at 40% spectral efficiency 
are 25 and 100 GHz, respectively, which falls conveniently on the ITU spec� 
tral grid. It is worth, noting that increasing the bit rate beyond 40,Gb/s cannot 
increase system capacity in the sense shown by the evolution in spectral effi­
ciency illustrated in Table 16.1. What does result is a coarser channel plan that 
could have benefit in DWDM networks since a smaller number of wavelengths 
need to be managed. 

Additionally, because interchannel nonlinear effects such as four-wave mix­
ing (FWM) and cross-phase modulation (XPM) vary inversely with channel 
separation, reduced interchannel FWM and XPM penalties do occur as the bit 
rate is increased while keeping spectral efficiency fixed. Going to closer chan­
nel spacings at lower bit rates, while keeping spectral efficiencies in the 40% 
range, presents difficult challenges from both an optical filtering perspective 
as well as from the standpoint of fiber nonlinearities and will require further 
research. 

Thus, what is required if greater spectral efficiency, and hence system 
capacity, is to be achieved, are transmission formats that occupy a narrower 
spectrum while at the same time not causing other· system impairments to 
increase. 
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Various formats have been explored over the years, largely driven by the 
wireless business where spectrum is more at a premium than has hitherto 
been the case for fiber systems. Many communications engineering texts have 
extensive chapters devoted to this subject [see 6-9]. Those formats that have 
received some attention for their potential application to optical communi­
cations include multilevel signaling or M-ary ASK [1 OJ, various forms of 
duo-binary signaling [11-22] (which is a subset of partial response codes), 
and Optical Single Sideband (OSSB) [23-28]. 

Additionally, much attention has been focused recently on the use ofreturn­
to-zero (RZ) signaling [29] because of its demonstrated improved immunity to 
fiber nonlinearities relative to NRZ. If rectangular pulses were generated with 
a pulse width of half the bit time, their spectral occupancy would be twice that 
of NRZ, as the first nulls in the frequency domain would occur at + /- 2B,

relative to the optical carrier, and their potential spectral efficiency would 
be one half that of NRZ signals. With pulse shaping, however, 40% spectral 
efficiency at 40 Gb/s has been demonstrated [30]. Therefore, it is fruitful to 
examine whether the nonlinearity improvements associated with RZ signaling 
can be combined with more bandwidth-efficient formats to achieve stiil greater 
system performance. 

The theme of this chapter, then, is to explore and review some of the work 
on transmission formats that would permit ( or inhibit) increasing spectral 
efficiency, dispersion immunity, and interchannel nonlinearities. Much of this 
work has now progressed to the point where some reasonable statements as to 
future directions can and will be made. 

The emphasis of this chapter will be on transmission formats that first and 
foremost have spectral occupancy or a transmission bandwidth on the fiber 
that is less than that of the true and tried (well loved?) NRZ format. It will 
be shown that such formats, by and large, are more immune to fiber disper­
sion, but that other considerations and impairments need close attention. The 
emphasis will be on the fundamentals of generating and transmitting these 
signals, with a treatment founded in the theory of linear signals familiar to 
communications engineers, but possibly less familiar to the. optical physics 
community. 

It is also worth noting that in this electrical engineering communications 
context, fiber-optic systems are classified as classical bandpass systems to 
which well-developed electrical engineering modulation theory applies. The 
distinguishing differences between optical and radio/microwave systems lies 
in the carrier frequency ( ~200 THz vs several GHz) and in the nature of avail­
able optical components that can generate or modulate these signals such that 
a direct comparison with theory can be made. 

The balance of this chapter is organized as follows. S1ection 2 develops 
some basic background in modulation theory that is needed to understand 
how different modulation formats have different spectral occupancies and how 
these may be practically developed, as well as how optical modulators shape or 
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distort the input signal spectra before they are launched into optical fibers. We 
also examine how the commonly used PIN photodiode, which responds to the 
optical power and hence squares the time-dependent modulated electric field, 
significantly impacts both the time domain waveform and the spectrum of the 
square-law-detected signal, relative to the modulating signal at the modulator 
input, and the spectrum of the optical electric field at the detector input, all of 
which can be different. 

Section 3 then examines the spectra associated with several bandwidth­
efficient modulation formats; specifically M-ary ASK and poly-binary sig­
naling with an emphasis on duo-binary and Optical Single Sideband formats 
where experimental work has been done to permit an assessment of their 
potential. Present-day understanding of the transmission characteristics of 
these signals, with an emphasis on the performance of single-channel 10-Gb/s 
transmission over NDSF, in the 1550-nm low-loss spectral region is covered 
in Section 4, more as an illustration of how formats behave than to claim 
superiority of a particular format or for a particular optical fiber. 

Section 5 looks at DWDM experiments that utilize these formats and 
also examines various formats that combine RZ with various other forms 
of signal manipulation, in particular some added phase modulation, to 
achieve improved transmission performance. Section 6 concludes with some 
suggestions for potential future research. 

As a general rule, papers listed in the References section contain either the 
first or particularly illustrative results; other papers of interest are listed in 
the Bibliography. 

2. Amplitude Modulation and Detection

2.1 AMPLITUDE-MODULATED SIGNAL REPRESENTATION
1 

Fiber-optic transmission systems, where the optical carrier frequency is in 
the 200-THz region and where the information to be transmitted occupies 
significantly less bandwidth than the optical carrier frequency, can be classified 
as bandpass signals. The d�sired outcome of an amplitude modulation process 
is to multiply, in the time domain, an information signal a(t) (which may or 
may not contain a de component) with a continuous carrier wave represented 
by cos (2nfct) to produce a linearly amplitude-modulated signal given by 

s(t) = a(t) cos (2nfct), (16.2) 

wherefc is the optical carrier frequency. 

1 Excellent material on the time and frequency domain representation of modulated signals

can be found in [6-10]. 
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If we represent a(t) by 
a(t) = ao + as(t), (16.3) 

where ao is a de component and as(t) is the information signal, then the Fourier 
transforms of these signals give the frequency domain representation of the 
baseband and modulated signals, respectively, as 

A(f) = Aoo(f) + As(f) (16.4) 

and 

(16.5) 

Therefore, the desired outcome of this linear modulation process is the up­
shifting of the frequency spectrum of the baseband signal to be centered on 
the optical carrier frequency, as illustrated in Fig. 16.1. Implicit in this is 
that the optical carrier can be represented by a pure sinusoid such that it is a 
delta function in the frequency domain, an approximation to which is that the 
linewidth of the optical source be much narrower than the bandwidth of the 
signal to be modulated onto the carrier. 

It is important to note that it is the optical electric field spectrum that is 
represented by an up-shifted version of the baseband signal. It should also be 
noted that ifno de component is included in the information signal represented 
by Eq. 16.2, there is no unmodulated carrier present in the final modulated 
signal, whereas if a de component is present, so is an unmodulated carrier. 
This has particular importance when a PIN photodiode detects the signal. 

Distortion of the signal results from a large number of imperfections in an 
optical system. The most fundamental of these are: 

(1) Modulators that, except in various small signal approximations, are
rarely linear in the sense ofEq. 16.2.

(2) The commonly used PIN semiconductor detector, which responds
to the optical power and hence it squares the time representation
of the modulated optical electric field. This in turn results in time
and frequency representations of the detected signal that are quite
different from those of the signal applied to the modulator.

(3) Dispersion in optical fibers, which introduces a differential time delay
across the various frequency components of the modulated signal,
which in turn is equivalent to a frequency-dependent phase shift [31].

These various impairments make it difficult to advantageously imple­
ment modulation formats other than the tried-and-true intensity modulated 
approaches using either NRZ or RZ formats. Progress has nevertheless been 
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made, and in what follows we discuss this progress and outline where neces­
sary, how current implementation capabilities impose limitations on progress 
and how improvements can be made. 

2.2 MODULATOR CHARACTERISTICS 

Of the various approaches to modulating optical signals, really only three have 
seen significant adoption, namely 

(1) direct modulation of semiconductor lasers by modulating their drive
current [32];

(2) electroabsorption (EA) modulators [33];

(3) Mach-Zehnder (MZ) modulators [34].

The directly modulated semiconductor laser and the electroabsorption 
modulator result in the optical power being modulated in response to an input 
modulating signal, usually with some accompanying phase modulation that 
can be either beneficial or detrimental to the transmission of the signal [35]. 
The MZ modulator, on the other hand, can be a quite flexible device that is 
capable of performing a variety of modulation functions on the light, and it 
has been used successfully in creating a variety of modulated signals that are 
not purely NRZ binary amplitude or intensity modulated signals. 

Specifically, it has been used to create both duo-binary [13-16] and optical 
single-sideband signals [25,26,36,37], but invariably with some accompanying 
distortion in the output signal such that the transmitted signal spectrum is not 
an undistorted, frequency up-shifted version of the spectrum of the baseband 
signal. This is, undoubtedly, one of the main reasons why the potential of 
modulation formats other than NRZ have not fulfilled their potential. 

Because the modulated output from the semiconductor laser and the 
EA modulator correspond to intensity modulation (with some added phase 
modulation), modulation formats requiring electric modulation as described 
by Eq. 16.2 cannot be used with these devices, and they will not be addressed 
further. We will examine how the MZ modulator can and has been used to 
generate modulated signals other than binary amplitude shift keyed (ASK) or 
intensity modulated (IM) signals. 

Figure 16.2 is a schematic representation of a MZ modulator. The input 
optical electric field is represented as Ein = IE0 I eiw,t , where in this instance 
we adopt the exponential representation of the time-varying part of the opti­
cal electric field. This unmodulated signal propagates in a waveguide at the 
modulator input where it is split into two separate waveguides, with a split 
ratio that ideally is 50%. Electrodes, to which signal voltages v1 (t) and v2(t) are 
applied, modulate the propagation constant within each waveguide, resulting 
in a phase modulation of the signal propagating in each arm. When these two 
signals are combined at the modulator output, the result is a modulated output 
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Fig. 16.2 Schematic representation of a Mach-Zehnder modulator. 

electric field given by 

T he electric field transfer function of the device is 

W (vi (t) , v2(t)) = E;_i(t) = � [ ei(rrv,(t)/VN) + yei(rrv2(t)/VN)],
m 

where Vrr is the modulator extinction voltage, 

and o equals the de extinction ratio of the modulator. 

(16.7) 

(16.8) 

To simplify, consider an ideal modulator with infinite extinction ratio such 
that 

Then, 

o ➔ oo or y = 1.

W (vi (t), v2(t)) = � [ ei(rrv,(t)/VN) + ei(rrv2(t)/VN)]2 

cos __::__ (vi(t) -v2(t))[ei(rr(v,(t)+vi(t))/2VN)]. 
2Vrr 

t t 
Amplitude Phase Modulation 

Modulation (Chirp) 

(16.9) 

To avoid chirp, the time-varying portions of VJ and v2 are often chosen such 
that v1 (t) = -vi(t) , and then 

(16.10) 
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and the output optical electric fieldis 

and the output optical power is 

(16.11) 

(16.12) 

This is the usual way in which MZ modulator transfer functions are
represented. 

Figure 16.3 shows both the optical power and electric field transfer
functions of the MZ modulator. 

To look at the effect of a relative bias between the arms retaining chirpless 
modulation, let v2(t) = Vctc - v1(t). Then Eq. 16.9 becomes 

'¥(v1 (t), Vctc) = COS [ 2;rr (2v1 (t) - Vctc)] ei(rrVdc/2Vrr) 

t 1t 
Modulation Constant 

Term Phase Shift 

Electric Field 

./ Power

(16.13) 

Fig. 16.3 Normalized optical electric 'field and power transfer functions of a 
Mach-Zehnder modulator. 
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(a) "Normal" bias Vdc = Vrr/2
v1 (t) = ma(t) Vrr with a(t) = + /-1 for a digital signal, m = electrical drive 

amplitude to each arm as a fraction of V,r , Then, 

W(a(t), Vrr/2) = cos [ n-( ma(t) i)] ei(rr/4) 

= cos [ n-( ma(t) - i)] (Ignoring the constant phase shift). 

(16.14) 

To simplify let's invoke the small-signal condition such that n-ma(t) « l .
Then 

W(a(t), Vrr/2) = cos [ n-( ma(t) - i)] 
= cos (rcma(t)) cos; + sin (n-ma(t)) sin J 

1 
Rj 

J2[1 + n-ma(t)]

The output optical electric field then becom'es: 

Eout(a(t), v,; /2} =-Ein W(a(t), Vrr /2) 

R:j 
Ein [l + 2n-ma(t)]eiwot 
J2 

Ein · 
1 Ein · -[l]e1"'0 +-[2n-ma(t)]e1"'0 1

• 

J2 J2 
t t 

Unmodulated Modulated
Carrier. Carrier 

The optical power transfer function is then given by 

lw�a(t), Vrr/2)j
2 

= cos2 [n-( ma(t) i)] 
= [ cos (n-ma(t)) cos J + sin (n-ma(t)) sin ;r 

1 
Rj 

2
[1 + n-ma(t)]2 . 

(16.15) 

(16.16) 

(16.17) 
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So that in the small-signal limit, the output optical power is 

Pout(a(t), Vrr/2) = jE�l
2 

[l + nma(t)]2 

= 
IE;i [l + 2nma(t) + (nma(t))2]

� IEinl2

2 
+ 2nma(t)].

(16.18) 

Thus, in the small-signal limit both the electric field and the optical power 
are linearly modulated by the signal a(t). Also, when the modulator is biased. 
at Vrr /2, we have unmodulated carrier, and the modulated signal is represented 
in the same sense as in Eqs. 16.2 and 16.3, such that the frequency domain 
representation is given by Eq. 16.5. 

In communications engineering parlance, this is called amplitude modula­
tion with large carrier. 

(b) Bias at extinction, Vdc = Vrr 

In this case, Eq. 16.13 becomes (ignoring the constant phase-shift term) 

(
nma(t) 

)w(a(t), Vrr) = cos � - n/2 

. (
nma(t)

) sm -- .
Vrr 

In the small signal approximation this becomes 

and the output optical power then also becomes 

( () ) ~ IEcrJ2 

(
nma(t)

)
2

Pa t V ~-- ---' rr 2 Vrr 

(16.19) 

(16.20) 

(16.21) 

In this bias condition and in the small-signal approximation, only the elec­
tric field is linearly modulated by the signal a(t), without the presence of an 
unmodulated carrier, while the modulated optical power is proportional to the 
square of the rr1odulating signal. 

Thus, only in the small signal limit do we get the linear electric field amplitude
modulation that is required for distortion free modulation. 

It is important to note that optical signals are commonly detected by semi­
conductor PIN or avalanche photodiodes that respond to the optical power 
or the square magnitude of the incoming time-varying electric-field envelope. 
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The consequences of this, and the nonideal or nonlinear transfer function of 
MZ modulators other than in the small-signal approximation, for the trans­
mission and detection of formats other than intensity modulated NRZ and 
RZ signals will be discussed in subsequent sections. 

3. Power Spectral Densities2

As mentioned previously, for purely amplitude modulated signals, the trans­
mitted optical electric field signal is simply a frequency up-shifted version of 
the baseband signal, and to discuss bin,ary and multilevel ASK systems as well 
as duo-binary signals, we can equally well focus our discussion on the baseband 
signal, specifically the power spectral density, or PSD, of the baseband signal, 
since it represents the spectral occupancy of the information signal we wish to 
transmit. A digital baseband signal can be represented by a superposition of 
identically shaped, randomly weighted pulses [38] 

a(t) = L/ng(t - nT), (16.22) 
n 

where Un } is the information sequence, Tis the time interval between pulses, 
and g(t) is the pulse shape. The PSD of a(t) can be calculated from 

Sa(f) = i IG(f)l
2 Si(f), (16.23) 

where G(f) is the Fourier transform of the pulse shape g(t) and S(f) is the 
PSD of the information sequence. 

To preview the rest of this section, Fig. 16.4 illustrates the time waveforms 
of the baseband signals for various binary signaling formats, as well as their 
PSDs. The unipolar NRZ and RZ formats are in common use and are usually 
implemented as intensity modulated signals. Their baseband PSDs are similar 
to those of Fig. 16.4, particularly as regards the presence of unmodulated tones 
that translate upward in frequency to the optical carrier when modulated. The 
other main difference is that the PSDs of Fig. 16.4b are those associated with 
the assumed rectangular pulses of Fig. 16.4a-real systems will have PSDs 
that are additionally filtered by the transfer functions of baseband electronic 
amplifiers and filters as well as by optical filters and amplifiers that act on the 
passband or modulated optical signal. The time-domain square-law detection 
of these signals is represented in the frequency domain by their autocorrela­
tion function [6] which, when a large unmodulated carrier is present, can be 
represented as the beating of this carrier with the signal spectrum resulting in 
its down conversion to baseband. The beating description is in reality only an 
approximation,, as other "beatings" occur between other unmodulated tones

2 Material for this section is drawn from references [6-8].
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Fig. 16.4 (a) Time domain representation of various binary signal formats and 
(b) Power spectral density representation of binary signaling formats.
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(if present) with the signal spectrum and, of course, the beating of the signal 
spectrum with itself. 

However, this simple description does serve to help with visualizing the 
process. By way of an added example, if a rectangular NRZ polar signal was 
amplitude modulated onto the optical electric field using a MZ modulator 
biased at Vir , a purely phase modulated or phase shift keyed (PSK) signal 
would result. Square-law detection by a PIN photodiode would produce an · 
unmodulated de photocurrent . The use of coherent detection through the 
introduction of a local oscillator at the receiver that is both phase and fre­
quency locked to the signal carrier would result in an amplitude shift keyed 
photocurrent from a PIN diode detector. Thus the presence or absence of an 
unmodulated carrier ( often as implemented through the bias point of a MZ 
modulator) has major impact on the square-law-detected signal. 

3.1 BINARY ASK 

For a binary ASK system, the baseband signal is switched between two states 
(logical ONEs and logical ZEROs). For NRZ binary signaling, the informa­
tion sequence consists of either a 1 or a 0, occupying the full time slot T = 1 / B,

where Bis the bit rate, and these symbols occur with equal probability. If we 
represent the rectangular pulse shape as having amplitude A during the full 
time interval T the PSD becomes 

A2T A2 A2 (1) A2 

SNRZ,bb(f) =
4 

sinc2(f T) +
4

o(f) =
4B 

sinc2 

B 
+

4o(f),

(16.24) 
which is illustrated in F ig. 16.la. 

When this baseband signal is used to amplitude modulate the electric field 
of an optical carrier, the. PSD of the transmitted optical electric field becomes 

A2 [.
2 (1-fc) . 2 (f+lc)]

SNRz,c(f) =
SB 

smc -
B
- + smc -

B
-

A2 

+ 
8 [

o Cf -Jc)+ o (f + Jc)],

which is illustrated in F ig. 16.1 b. 

(16.25) 

For unipolar RZ signals with pulse width equal to one half the bit period, 
the PSD can be written as 

(16.26) 

This PSD has the same sine-function shape as the NRZ ·psD, but with nulls 
at integer multiples of twice the bit rate, plus a de term similar to NRZ.

Additionally, there are other tones at integer multiples of the bit rate whose 


























































