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Chapter 16| Bandwidth-Efficient Modulation
Formats for Digital Fiber
Transmission Systems

Jan Conradi

Corning Incorporated, 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
2.48832 Gb/s (OC-48/SDH-16) using a wavelength in the region of minimum
loss (~1550nm) 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 LiNbOs; 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 theimpact of dispersion as well asintra- 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 fiberimpairments as well as allowing higherchannel density or spectral
efficiency. Theinterplay 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

Iftransmission 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.
Thisisillustrated in Table 16.1, where we indicate the decreasing channel sepa-
rationsand increasing TDM bit rates at which dense WDM (DWDM) 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 = 1/Bwhere Bisthe bitrate, the baseband power spectral density (for square
NRZ pulses of amplitude 4) has a sinc function relationship given by [6]

2 2
Si(f) = %Z sinc®(fT) + 44—3( d) (16.1)
and is illustrated in Fig. 16.1a.

Thus the baseband NRZ signal spectrum can be represented in the fre-
quency domain 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 f; is frequency transldted to be situated on either side of the optical
carriér frequency, as illustrated in Fig. 16.1b.

Thus the transmission 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 (Gb/s) Channel Spacing (GHz) Spectral Efficiency (%)

2.5 100/50/25 2.5/5/10
10 200/100/50 5/10/20
40 200/100 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 at f; (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 [10], 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 of return-
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 +/— 23,
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 still 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. Section 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'

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 desired outcome of an amplitude modulation process
is to multiply, in the time domain, an information signal a(¢) (which may or
may not contain a dc component) with a continuous carrier wave represented
by cos (27f;£) to produce a linearly amplitude-modulated signal given by

s(t) = a(t) cos (21f;t), (16.2)

where f; is the optical carrier frequency.

! 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(z) by
a(t) = ap + as(1), (16.3)

where ag is a dccomponent and a(#) 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(S) = 408(f) + 4s(f) (16.4)

and

.
S =20 =0+ 8+ A -+ AU R (169

Therefore, the desired outcome of this /inear 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 thatifno dccomponentisincluded in the information signal represented
by Eq. 16.2, there is no unmodulated carrier present in the final modulated
signal, whereas if a dc 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 of Eq. 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 = |Eo| e/%!, 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 vi(¢) and v,(#) are
applied, modulate the propagation constant within each waveguide, resulting
in a phase modulation of the signal propagating in each arm. When these two
signalsarecombined at the modulator output, theresultis amodulated output
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YEin/Z
V()

Fig. 16.2 Schematic representation of a Mach-Zehnder modulator.

electric field given by

Eout(t) ES %’- [e./‘?l(t) + yej(pz(t)] — n

o]

[ej(ﬁvr(f)/Vn) + yej(HVZ(f)/Vn)]_ (16.6)
The electric field transfer function of the device is

Eou(t 1: )
U (v (6), (1) = _%Q = 5 [ej(nw(t)/Vn) + ye/(nvz(t)/l/n)]’ (16.7)

where v, is the modulator extinction voltage,

VE—1

and & equals the dc extinction ratio of the modulator.
To simplify, consider an ideal modulator with infinite extinction ratio such
that

§—o00 or y=1L

Then,
1, . .
W (v (1), va(f)) = 3 [e./(nw(t)/Vn) + e](ﬁVz(’)/Vn)]

= COS _2—7%— (Vl(t) — VZ(t)) [ej(it(w(t)+vz(t))/2Vn)]_ . (169)

1 1
Amplitude Phase Modulation
Modulation (Chirp)

To avoid chirp, the time-varying portions of v; and v, are often chosen such
that vi(f) = —v(¢), and then '

(0, (1) = c0s o () = va(t) (16.10)
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and the output optical electric field.is
Eou(t) = B ®(v1(8), va(£)) = Fin c0s 5% 1) = va(®) (16.11)
and the output optical power is
P = Pal 810,30 =Pucost [0 )] 1612

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 vo(¢) = Vg, — v1(#). Then Eq. 16.9 becomes

X

(v (2), Vae) = cos|:27; n (@) - Vdc):l el Vel 2Vx) (16.13)
n
it
Modulation Constant
Term Phase Shift
1 ' .
Electric Field
S Power
0 T —
- 0.5 15 D
(V3=Vo)/ Vi

-1

Fig. 16.3 Normalized optical electric field and power transfer functions of a
Mach-Zehnder modulator.
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(a) “Normal” bias Vgc = Vy/2

v1(¢) = ma(t)V, with a(f) = +/-1 for a digital signal, m = electrical drive
amplitude to each arm as a fraction of ¥,,. Then,

W(a(®), Vzx/2) = cos [z (ma(t) - %)] WD)

1
= cos [n (ma(t) — Z)] (Ignoring the constant phase shift).
(16.14)

To simplify let’s invoke the small-signal condition such that wma(t) < 1.
Then

W(a(t), Vz/2) = cos [ﬁ(ma(t) — %)]

— cos (Tma()) cos Z‘ + sin (wma(f) sin % (16.15)

1
& E[l + tma(t)]

The output optical electric field then becomes:

Eou(a(t), ¥y [2) = En W(a(t), Ve /2)
Ein
2
E; ; E; )
- 7;[1]@!%’ +7%[2nma(t)]efwoﬂ (16.16)
t t
Unmodulated Modulated

Carriern Carrier

[1 + 2wma(D)e’

I

Sl

The optical power transfer function is then given by

2 9 1
|¥(a), V2/2)| = cos [n<ma(t) - Z)]
= [cos (ema(?)) c0s§ + sin (rma(t)) sin %]2 (16.17)

~
~

[1 + wma(@®)P.

N =
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So that in the small-signal limit, the output optical power is

IEinlz 2
Poufa(®), Vz/2) = 2””[1 + ma(t)]

[1 4 27ma(t) + (wma(£))?] (16.18)

2
2 |—-E—m~|—[1 + 2mma(t)].

Thus, in the small-signal limit both the electric field and the optical power
are linearly modulated by the signal a(#). Also, when the modulator is biased .
at V,; /2, we have unmodulated carrier, and the modulated signal is represented
in the same sense as in Egs. 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, Vgc = V5

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

W(a(z), V) = cos <7m;f(t) — 7/ 2)

b

:%m0¢@> (16.19)

/1

In the small signal approximation this becomes

a0, 1)~ -0, (16.20)
and the output optical power then also becomes
E,[? H\?
HWMQ%D'C¢O>. (16.21)

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

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

Itis 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 smiall-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 Densities?

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 binary and multilevel ASK systems as well
as duo-binarysignals, 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) =) Lg(t —nT), (16.22)

where {/,} is the information sequence, T is the tinie interval between pulses,
and g(¢) is the pulse shape. The PSD of a(¢) can be calculated from

500 = ZIGES (), (1629

where G(f) is the Fourier transform of the pulse shape g(¢) 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
tothose 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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(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 V5, a purely phase modulated or phase shift keyed (PSK) signal
would result. Square-law detection by a PIN photodiode would produce an
unmodulated dc 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 sequenceconsists of either a 1 or a 0, occupying the full time slot 7 = 1/B,
where B is the bit rate, and these symbols occur with equal probability. If we
represent the rectangular pulse shape as having amplitude 4 during the full
time interval T the PSD becomes

2
Sl = 2 sn? U 1) + o) = e (£) + Lo,
(16.24)

which is illustrated in Fig. 16.1a.
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

SNRZc(f) = 1843 [smc <foC> + sinc? (f;ﬁ)]

2
FEBU R8T+, (16.25)

which is illustrated in Fig. 16.1b.
For unipolar RZ signals with pulse width equal to one half the bit period,
the PSD can be written as

A? f
Srz,sb(f) = 75 sine ( )[I—I—B > s(f-nB)J (16.26)

n=—00

This PSD has the same sinc-function shape as the NRZ PSD, but with nulls
at integer multiples of twice the bit rate, plus a dc term similar to NRZ.
Additionally, there are other tones at integer multiples of the bit rate whose
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amplitudes are determined by the sinc function, resulting in tones at odd
integer multiples of the bit rate. This is the PSD of RZ signals with ideal-
square pulses, but with spectral shaping through various modulator stages,
this spectrum can be substantially reduced and shaped.

3.2 MULTILEVEL AMPLITUDE SHIFT KEYING (M-ary ASK) [10]

In this format, binary signal bits are converted into a binary code word where
N bits are converted into a multilevel signal whose number of amplitude levels
is M =2V

If we use the aggregate bit rate B of the final signal as our bit-rate reference,
then effectively, instead of transmitting bits of a single amplitude of time
duration T at a rate B, we transmit symbols of time duration T = N/B at
a rate B/N with amplitudes ranging from zero to M = 2V,

A generalization of Eq. 16.1 for the baseband power-spectral density of a
square-pulse M-ary signal is

2 2 ™) 2
5.0 = S  sine gy ¢ M0
214 M- 124
= SM—Q)A—T—sinCZ (B/lojg:(M)> " ( . ) 5. (1627)

For a given level of encoding, the amplitudes of the symbols are given by the
equivalent binary representation of the word it represents, and each symbol
carries N = logy(M) bits of information. Since the symbol time has been
extended from 7 = 1/B to T = N/B, the transmission bandwidth (measured
between the first nulls in the spectrum) has been reduced from 25 to 2B/N =
2B/log, (M). Table 16.2 is a simple illustration of the diminishing return.

In order to comstruct and to detect these signals, complex linear analog
circuitry is required. A relatively simple implementation for a 4-ary system is
shown in Fig. 16.5.

This signal format is best transmitted as a four-level intensity-modulated
signal, in that if equal amplitudes were used to modulate the electric field, the

Table 16.2 Equivalent Transmission Bandwidth of M-ary ASK

Number of Levels (M) Equivalent Transmission Bandwidth
2 +/—B
4 -+/—B/2
8 -+/—B/3
16 +/—B/4
32 +/—B/5

64 +/—B/6
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Fig. 16.5 (a) Multilevel symbol generator and (b) multilevel decoder [10].

optical power levels would have a squared (0,1,4,9) relationship—clearly not
desirable.

In this case, four signal levels are created with a consequent reduction in the
transmission bandwidth of a factor of two and an increase in the symbol time
by a factor of two. While a beneficial factor of two is achievable, this does not
translate quite so simply into an increasein the dispersion-limited transmission
distance due to the fact that we now have a four-level power signal or eye, which
inevitably suffers additional eye closure due to the added levels, as illustrated
in Fig. 16.6. Although shown to provide additional dispersion immunity for a
single-channel 10-Gb/s system over NDSF [10], the additional optical power
that this requires is such that in a multichannel DWDM configuration excessive
penalties due to fiber nonlinearities are likely to preclude the use of M-ary
ASK signaling in long-haul DWDM systems. The potential application of
M-ary ASK to transmission over dispersion-limited multimode fiber (such as
for 10-Gb/s Ethernet) is a potential, but to the author’s knowledge, an untried
application.

3.3 DUO-BINARY SIGNAL GENERATION

Duo-binary signaling is one of a class of codes known as partial response codes
in which filters are introduced to reduce the signal bandwidth but that also
create a correlation between the signal sent in consecutive time slots [39—-42].
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Fig. 16.6 Experimental and simulated eye diagrams for 4-ary ASK. Reprinted from
[10] with permission. Copyright © 1999 IEEE. :

The principle behind a poly-binary signal generator is shown in Fig. 16.7,
which shows how a signal with 5 levels is generated by a series of delay and
add circuits, A duo-binary signal is generated using only a single delay stage
of duration T, which creates a three-level signal with first nulls in the spectral
density at B/2. References [10,40] give the power-spectral density of a poly-
binary signal;

(b — 12421

S(f) = sinc?[(b — 1)fT7], (16.28)

and is illustrated in Fig. 16.8 for b = 2 (binary), 3 (duo-binary), 5, and 7.

rﬂ‘Ti )R

Binary Data
Partial-Response
T Polybinary Signal
with b levels,
2T
3T
] (b-2)T

Fig.16.7 Poly-binary signal generator (delay and add circuit),



16. Bandwidth-Efficient Modulation Formats 879

Binary Duo-binary

b=2 b=3

1 -08-06 _04_02 0 02 04 06 08 1 -1 08 -06-04 02 0 02 04 06 08 1
/B /B

Poly-binary 4 Poly-binary 9

b=5 b=7

1

~1 08-06-04-02 0 02 04 06 08 1 ~-1-08 -06-04-02 0 02 04 06 08 1

#B /B

Fig. 16.8 Power spectral density for poly-binary signals.

Given that the spectral width decreases with increasing number of signal
levels b, as measured to the first nulls in the PSDs, it is tempting to conclude
that this form of signaling would be progressively more immune to dispersion
as b is increased. That this is not the case relates to the fact that for poly-
binary signaling, the symbol period is equal to T = 1/B, regardless of the
number of levels. Nyquist’s criterion that the transmission bandwidth be greater
than 1/(2T) for zero intersymbol interference must still be satisfied, and this
criterion relates the required transmission bandwidth to the symbol period,
not the bandwidth of the PSD. Thus, the most sensible and useful subset of
poly-binary signdling is the duo-binary version.

The duo-binary signal can be applied to an optical modulator to create a
three-level intensity signal, as shown in Fig. 16.9a. However, a much better
and also more subtle method [13-16] was implemented by creating a three-level
optical electric-field signal using an MZ modulator that is biased at extinction,
as shown in Fig. 16.9b. The effect is to create a suppressed carrier signal in the
sense of Egs. 16.1-16.3 with ap = 0 and 4y = 0. _ A

The three electric field levels are 0 and +/— E, which translates to only two
optical intensity levels. Thus-in the optical electric field domain, the signal
spectrum is halved with respect to the equivalent binary signal, and it has no
unmodulated carrier. When detected with a PIN photodiode that acts as a
square-law detector on the electric field, two current levels result, which is a
consequence of the absence of the carrier. The autocorrelation of the electric
field (square-law detection) expands the signal spectrum at baseband to have
first nulls at the bit rate. Because of the 7 phase shift between the two nonzero
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Fig. 16.9 Mach-Zehnder modulator bias and drive conditions for generating (a) a
duo-binary intensity modulated signal and (b) an AM-PSK duo-binary signal.

electric field levels, this form of signaling is sometimes referred to as Amplitude
Modulated-Phase Shift Keyed (AM-PSK) duo-binary.

Precoding of the input bitstream to the duo-binary encoder is required to
ensure that the two detected optical power levels correspond to the original
signal bits. ‘

3.4 OPTICAL SINGLE SIDEBAND (0SSB) GENERATION®

When transmitting amplitude modulated signals in NRZ or RZ form, the,
transmitted spectrum is double-sided, with redundant information carried in
the upper and lower sidebands on either side of the carrier. This has, of course,
been recognized in cable TV transmission, where the lower sideband is partially
filtered out, resulting in the commonly used amplitude modulation vestigial
sideband, or AM-VSB, format. Similar methods have been illustrated in the
optical domain [23,24], where a sharp cutoff filter was used to partially remove
one of the sidebands at the transmitter followed by transmission on NDSF.,
A similar filtering approach has more recently been very successfully applied
in a DWDM experiment, but in this case the optical filtering takes place at
the receiver [27]. A single sideband signal can also be created using Hilbert
transforms [6-9] for which the bandpass representation of the signal is

sssBu/i(t) = ag(f) cos (2mft) F a,(¢) sin (2‘7rfct), (16.29)

where the upper (minus) and lower (plus) signs generate the upper and lower
sidebands, respectively. a,(¢) is the Hilbert transform of the modulating signal

3 The fundamentals of single sideband theory can be found in [6-9], with much added detail
in various original papers listed in the bibliography.
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Fig. 16.10 Hartléy modulator structure for generating single sideband signals.

and imparts a 90-degree phase shift to all frequencies in the information signal.

Figure 16.10 shows a block diagram for the creation of the signal of Eq. 16.29.
This mathematical construct can be implemented for both broadband

baseband signals, as well as for sub-carrier RF and microwave signals,

3.4.1 Subcarrier OSSB

Transmission of microwave subcarrier modulation in single-sideband form is
both highly beneficial from the standpoint of fiber dispersion and relatively
easy to implement [36,37].

In conventional optical subcarrier modulation, the subcarrier appears in
the optical frequency domain on both sides of the optical carrier, as illus-
trated in Fig. 16.11. Square-law detection of this signal causes the optical
carrier to beat with both the upper and lower sidetones, and as long as there
is no phase difference between these sidetones, the signal is detected efficiently
because the two resultant baseband-signal components are in phase. Fiber dis-
persion causes a phase shift between these sidetones, and when each is shifted
in opposite directions by 90° from the carrier, and this carrier beats against
these sidetones, the result is total cancellation of the signal [43,44].

Mathematically, the optical electric-field transfer function due to first-order
dispersion in a fiber can be represented by

c

H(f,z) = exp (jnm%f 2z>, (16.30)

where D is the fiber dispersion parameter, Ag is the wavelength, and 1 is the
frequency offset from the optical carrier.
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Fig. 16.11 Illustration of double sidebands associated with subcarrier modulation
(only positive frequencies shown). ‘

If a double sideband sinusoidal signal at modulation frequency f;. accord-
ing to Eq. 16.3 propagates down a fiber whose transfer function is given by
Eq. 16.30, the frequency domain representation of the optical electric field at
distance z down the fiber is

E(f,2) = 278(f = fo) + mm {8 [f = (fo = fi] + 8 Lf = (o +/ec)]H]

D)\'Z 2
X exp (jn of z). ' (16.31)
c

The square-law-detected signal is the Fourier transform, F', of the squared
envelope operator in the time domain (i.e., the autocorrelation of the Fourier
transform of the electric field) and is given by

o0

P(BOP) = [ BB G404 =4 ®.  (163)

—00

If we consider only the fundamental term in Ay at f;; resulting from Eq. 16.32,
we get:

2 2 2
Ag(fie) = [27(f  fio)m] [exp (j’”D Yo/ 2z> + exp (—j ] ﬂ

4

(16.33)
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If we take the inverse Fourier transform of Eq. 16.33 and then take the real
part of this, we get the frequency dependence of the detected photocurrent as

D)\Z 2 DA.Z 2
I(t) & 27 ,:cos <2nfsct + 70 s ) +cos (Zﬂfsct _ co SCZ>:|
c
D)\‘Z 2
 cos (27 1) cos (HH_Q._EZ) ) (16.34)
c

Thus the detected RF power at the subcarrier frequency wﬂl vary with distance
and subcarrier frequency according to

P(f,2) & I2(f, 2) o cos? (”Di%fzz) (16.35)

If one of the sidebands is removed, as in single-sideband modulation, the
detector output current becomes

D)\Z 2 DAZ 2
I(f) o cos <2nj§ct + nu—“-z> or cos <27rfsct el 1/ , (16.36)
c c

depending on which sideband is removed. Note that both terms in Eq. 16.36
are constant in power as a function of fiber length. ;

Since most microwave subcarrier transmission occurs with relatively nar-
rowband information signals, the result is that only dispersion across the
narrow information spectrum is of relevance, and this is small for the distances
that subcarrier systems have been implemented.

To implement an RF OSSB system using the modulator structure of
Fig. 16.10, the sine and cosine carriers can be simply generated in an MZ
modulator through the application of a differential dc bias voltage equal to
Vx/2 to the two arms, which creates a 90-degree phase shift between the opti-
cal carriers in the two arms of the MZ modulator. The two arms of the MZ
modulator are then modulated by the subcarrier, with a differential time delay
between the drives to the arms corresponding to a /2 phase shift of the sub-
carrier frequency. Given that the information signal is narrow band, this also
adequately Hilbert transforms the information signal.

Two illustrations of the impact of OSSB on the dispersion-limited trans-
mission of a 17-GHz subcarrier on NDSF are illustrated in Fig. 16.12 [37].
Figure 16.12a compares the detected RF power of a 17.16-GHz subcarrier
when transmitted at 1550 nm over NDSF using conventional double sideband
modulation and OSSB as implemented previously. Figure 16.12b illustrates
performance at 17.16 GHz when using the MZ modulator in two significantly

_nonlinear configurations.
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Fig. 16.12 (a) Normalized detected RF power at 17.16 GHz vs fiber length. The R1
power is normalized relative to the received optical power, and is given in arbitrary d]
units. Reprinted from [37] with permission. Copyright © 1998 IEEE. (b) Change i
detected RF power at 17.16 GHz (relative to the received dc optical power) vs trans
mission distance. (a) Experiment and (b) simulation for the harmonically upconverte
double sideband spectrum. (c) Experiment and (d) simulation for the harmonicall:
upconverted single sideband spectrum [37]. :

Reference to additional work on various modulator structures that imple
ment microwave subcarrier transmission in OSSB form or that use the
nonlinear transfer function of the MZ modulator combined with the square:
law-detection properties of PIN photodiodes to harmonically upconvert
microwave signals without significant fiber dispersion can be found in the
bibliography.

3.4.2 Broadband OSSB

The same Hartley modulator principle can be used to generate a broadband,
digital OSSB signal. However, as was shown earlier, for chirp-free transmis-
sion, the MZ amplitude modulator needs to be driven in a symmetric push-pull
fashion to avoid chirping the amplitude modulated output, thereby incurring
excess dispersion penalty on transmission. Therefore, a more appropriate and
chirp-free implementation for broadband OSSB transmission is required.

An amplitude-modulated single-sideband signal can be obtained using the
complex envelope of the baseband signal, given by [6,45— 47]:

&) = ai(t) £ jay(r). (16.37)
This signal gives rise to the bandpass SSB sfgnal of Eq. 16.29, but which

can be shown to have both amplitude and phase modulation.
The amplitude modulation component is the real part of the envelope:

RO =gl = /&) + &8O, (16.38)
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whereas the phase modulation component is

i‘A’S(t)} (16.39)

as(t)

This is equivalent to cascading a chirp-free amplitude modulator, driven by
the real part of the signal envelope, with a phase modulator that is driven by
@(#). The original signal will be recovered on coherent detection.

In the noncoherent-detection optical case, however, we are detecting the
signal power envelope, for which a reasonable approximation to an OSSB
signal, which can be envelope detected, results if it is generated according to

&(0) = a(t)exp (ja(D), (16.40)

where the signal is amplitude modulated as usual (without chirp) and phase
modulated with the Hilbert transform of the information signal, as illustrated
in Fig. 16.13. This requires ideal amplitude modulation, which does not take
place in an MZ modulator (except as in the small-signal approximation), nor
is it a simple matter to generate a Hilbert transform of a broadband signal that"
spans the bandwidth required by, for example, a 22° — 1 or a 23! — 1 pseudo-
random binary sequence as required for SONET system characterization.

A reasonable, vestigial sideband signal was generated in [48] using a tapped-
delay-line filter approximation to a Hilbert transformer. Figure 16.14 shows
the measured PSDs of a 10-Gb/s signal in double-sideband form (before apply-
ing the Hilbert transform) and in single-sideband form after applying the
approximate Hilbert transform to a cascaded AM + PM OSSB modulator.

It should be noted that with this OSSB modulator the signal power of the
unwanted sideband is transferred to the wanted sideband, whereas with the
optical filtering method it is lost.

If a relatively small modulating signal is applied to the amplitude modula-
tor, we meet the criteria for Eq. 16.40. Furthermore, the square-law-detected
signal will then also be a close approximation to the received electric field, as
noted earlier in Section 2.2, with the result that the phase characteristics of
the signal are transferred to the detected signal photocurrent. This will permit
dispersion compensation in the electrical domain at the output of the linear

o) = Lg(t) = tan~! [

A
a(h 208
I I
Mach-Zemmd * Optical Single
Optical Carrier | oon-<ennder Phase Sideband signal
Amplitude P Modulator >
gt Modulator .

Fig. 16.13 Cascaded Mach-Zehnder amplitude and phase modulator for generating
OSSB.
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Fig. 16.14 Experimental optical spectra for (a) DSB and (b) OSSB signals at
10 Gb/s [48].

portion of the optical receiver. In a sense, we havé created a “self-homodyne”
coherent detection system, and it is interesting to contemplate whether a full
coherent detection system would permit large signal modulation at the trans-
mitter with a reduction in the initial eye opening penalty associated with the
small modulation depth. Alternatively, if a suppressed carrier OSSB signal is
transmitted, and this signal is coherently detected at the receiver, it should be
possible to perform dispersion compensation quite accurately at the output
of the linear portion of the receiver, provided the received signal has not been
corrupted by nonlinear effects in the fiber.

4. Single-Channel Transmission Results

4.1 M-ary ASK TRANSMISSION [10]

The simulations in Fig. 16.15 show how the dispersion-induced reduction in
receiver sensitivity (at a bit error ratio of 10~%) varies with fiber length for sev-
eral ASK formats for NDSF at an aggregate bitrate of 10 Gb/s at a wavelength
in the 1550-nm window. Clearly, the dispersion limitation has been improved
in all cases. In the case of the 4-ary signal, because of the need to detect the
signal with a given bit error ratio (BER), the signal-to-noise ratio within each
of the three eyes needs to be essentially the same as for the equivalent two-level
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Fig. 16,15 Comparison of dispersion-induced receiver sensitivity degradation for
NRZ, duo-binary, and M-ary signaling at 10 Gb/s. Reprinted from [10] with permis-
sion. Copyright © 1999 IEEE.

or binary signal. This requires significantly greater optical power, which is the
reason for the offset of the M-ary ASK curve in Fig. 16.15. More significant,
however, is the increase in launched power that is necessary to achieve a given
BER after a number of fiber links that have EDFAs along the way. This is illus-
trated in Fig. 16.16, where we show the launched power necessary to achieve a
BER of 10~? for 4-ary and 8-ary signaling with the NDSF link configurations
as given in the figure captions.

Clearly, this large increase in launched power precludes the use of M-ary
ASK for multichannel DWDM long-haul systems as, at the power levels
shown, huge interchannel nonlinearity problems can be expected to occur
due to FWM and XPM. Some degradation in the single-channel case can also
be expected due to self-phase modulation (SPM).

Thus, while not practical for long-distance transmission, an unexplored
possible application of M-ary ASK is for moderate-distance extension of
transmission distances over improved multimode fiber, such as for 10-Gb/s
Ethernet.

4.2 DUO-BINARY TRANSMISSION

Duo-binary intensity modulation has been used to extend 10-Gb/s transmis-
sion on NDSF to 140km [12], but this three-level intensity format will have
the same.optical power and nonlinearity issues as associated with M-ary ASK
signals. An alternative approach to improving dispersion-limited transmission
via duo-binary signaling is to transmit the signal in binary form, as usual, but
to convert it to a duo-binary signal using electrical filters after detection in
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Fig.16.16 Launched power necessary to achieve a 10~° BER for various M-ary ASK
formats at 10 Gb/s over NDSF. Reprinted from [10] with permission. Copyright © 1999
IEEE.

the receiver. Improvement in transmission distance at 10 Gb/s on NDSF to
~160 km was achieved by this means [11].

The best duo-binary single-channel transmission results have been obtained
using AM-PSK. duo-binary signaling where distances up to ~225km at
10 Gb/s at 1550 nm over NDSF have been reported [13-16].

One important item to note is that in order to achieve improved dispersion-
limited transmission with this format, it is necessary to provide extra filtering
after the delay-and-add filter in order to remove those parts of the baseband
signal spectrum that occur at frequencies above B/2 [17]. This is because the
delay-and-add filter is in fact periodic in frequency, and does not continuously
attenuate frequencies above B/2. These higher-frequeicy components of the
signal, which are present at sufficient power, undergo sufficient dispersion to
substantially reduce the signal eye opening, as illustrated in Fig. 16.17. The
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Fig. 16.17 10 Gb/s power spectral density of the optical electric field (top) and cor-
responding filtered receiver eye diagrams (boifom) after transmission over 200km of
NDSEF for an optical AM-PSK duo-binary signal [10].

removal of the higher frequencies can be achieved by a combination of the
delay-and-add filter followed by a sharp cutoff filter whose bandwidth is ~B /2
or an approximation to this combined filter can be implemented with a single
filter whose bandwidth is ~B/4. The sensitivity of the dispersion immunity
to the details of the filtering has been discussed in [17], and likely is why
a great variability in experimentally extending single-channel transmission
distance has been reported. Whether this filtering is necessary in systems that
compensate for dispersion using optical dispersion compensation techniques
has not yet been investigated.

4.3 OSSB TRANSMISSION WITH
HILBERT-TRANSFORMED SIGNALS

In the first such effort [25,26,48], the focus was on obtaining maximum
dispersion-limited transmission distance without optical dispersion compen-
sation by focusing on a combination of the lower transmission bandwidth
or spectral occupancy of the OSSB transmission spectrum, combined with
the prospect of doing postdetection dispersion compensation using electrical
methods at the output of the)linear stages of the receiver.

- Significant improvement in the dispersion-limited transmission distance for
a single OC-192 channel operating at 1550 nm over NDSF was obtained by
this method, as illustrated in Fig. 16.18. A degree of electrical dispersion
compensation was also achieved with a dispersive co-planar waveguide at the
output of the linear portion of the receiver. This is possible because a quasi-
homodyne detection system was created by using a moderate extinction ratio
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at the transmitter, the result of which is that the output of the PIN detector,
which is always the autocorrelation of the optical electric field, is dominated by
the product of the unmodulated optical carrier and the single sideband optical
electric field spectrum, effectively translating this spectrum to baseband. Since
dispersion in the fiber causes pure phase distortion (in the absence of fiber
nonlinearities), the dispersion can be reversed with an appropriate phase filter
at the receiver output.

5. Multichannel Transmission

5.1 DUO-BINARY DWDM

Recognizing the potential dispersion and spectral efficiency benefits of AM-
PSK duo-binary signaling, significant progress has been reported in using this
format for very dense WDM transmission, as well as for transmission over
very long distances [49-53].

Conventional NRZ duo-binary DWDM transmission has been reported
with 100% spectral efficiency in a single span of 100 km. Long distance systems
have not been reported, as progress in suppressed carrier/alternating phase RZ
transmission has led to this being a more nonlinearity-immune transmission
format. !

5.2 OSSBDWDM

Several multichannel WDM OSSB experiments have reeently been reported
that have resulted in significantly improved spectral efficiency. In one particular
experiment at 40 Gb/s, a carefully designed channel plan was implemented in
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which the signals were transmitted in double-sideband form using RZ modu-
lation, allowing overlap of the transmitted signals to occur [27]. Portions of
the overlapping spectra were subsequently filtered out at the receiver by optical
means to create alternating upper and lower vestigial sideband signals. Spectral
efficiencies of 66% were obtained with transmission over 300 km of NZ-DSF.
Doing the filtering at the transmitter does not provide as much immunity to
nonlinear impairments as filtering at the receiver, as nonlinear products appar-
ently fill the filtered spectrum. Whether performing such filtering at both the
transmitter and at the receiver would provide benefit hasnot yet been explored.

As pointed out in [48], electrical dispersion compensation with OSSB detec-
tion is possible, but the effectiveness depends on the modulation depth of the
OSSB signal in that it relies on the creation of what was called a “self-homo-
dyne” detection capability. Combining this capability with VSB generation
through optical filtering at the receiver also remains unexplored.

A recent comparison [54] of nonlinear impairments of NRZ,RZ, and OSSB
(as implemented using Hilbert transforms) indicated no strong advantage for
OSSB generated in this way. This would appear to be quite consistent with the
underlying physical mechanisms that have resulted in significant progress made
to indicate that chirped RZ and alternating phase RZ do indeed seem to be the
formats that are most immune to nonlinearities that have been implemented
and tested to date. '

5.3 MODIFIED RZ DWDM

Of recent efforts, probably the most significant single practical advance in the
use of modulation techniques has been in the application of added phase mod-
ulation in conjunction with RZ transmission. Many groups have reported [29]
on the application of added phase modulation by the application of a half-bit-
rate clock to a second MZ modulator biased at ¥, which is added in series
to a conventional NRZ data modulator. This results in the generation of RZ
bits with alternating phase, and it also results in suppressing the unmodulated
carrier. Tt also adds tones at odd integers of +/— B/2 away from the carrier fre-
quency. The formalisms developed earlier in this chapter are directly applicable
to analyzing such cascaded structures.

Although improvements in signal quality only in the 1-dBQ range have been
achieved, this is very significant in ultra-long-haul systems, particularly when
used in conjunction with forward error correction (FEC). Figure 16.19 illus-
trates the power spectral densities obtained in this way, for which a 0.6-dBQ
improvement was reported [55]. In a comparison of NRZ, RZ, and chirped RZ
at'12.3 Gb/s, Bakhshi and colleagues at Tyco [56] concluded that chirped RZ
with a phase modulation index close to 7/2 at a phase modulation frequency
equal to the bit rate provided improvement over RZ in a very long system, but
that careful balancing of nonlinear effects and spectral broadening from the
chirping was essential.
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Fig. 16.19 Chirped RZ signals with same phase and alternating phase on adjacent
bits [55]. Slide courtesy N. G. Bergano.

More recently, Cheng and Conradi [57] compared RZ, RZ with dlternating
phase, and two forms of RZ, duo-binary at 40 Gb/s and concluded that of these,
RZ with alternating phase and a modified form of RZ, duo-binary, created by
a delay-and-subtract as opposed to a delay-and-add filter, would perform best,
with the modified duo-binary signaling having nearly a 1 dBQ advantage over
the alternating phase RZ. Although the simulation comparisons were carried
out over a very limited range of parameters, and the need for more work is
apparent, the conclusion could nevertheless be drawn that the suppression
of the optical carrier (common to both formats) and the suppression of the
other tones at +/~N*B/2 from the carrier (which is the case for the modified
duo-binary format) can both help to reduce interchannel FWM and the impact
of ghost pulses resulting from intrachannel FWM. The modified duo-binary
signal also has a significantly reduced and reshaped PSD, as illustrated in
Fig. 16.20, and this too will alleviate the impact of chromatic dispersion.

While it is often difficult to elucidate the physical mechanism responsible for
any particular improvement in the transmission performance resulting from
the use of a particular transmission format, the conclusions on the effect of the
presence or absence of carriers and tones, and the effect that alternating the
phase of sequential bits has on the width and shape of the transmitted signal
spectrum, does provide useful guidance for future work. In particular, it is
worth noting that for decades the copper wireline T1 system at 1.544 Mb/s has
been using what is variably known as bipolar RZ or Alternate Mark Inversion
- (AMI), in which sequential marks or ONE bits are transmitted as +ve and
—ve voltages [6]. When transmitted as a bandpass optical signal, this will
result in alternating the phase of sequential marks or ONE bits, not the phase
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Fig. 16.20 Simulated power spectral densities of various RZ formats (after [57]).

of sequential bits. In Fig. 16.4 we illustrated the PSDs of various RZ formats,
which shows that AMT has (&) no tones in the baseband spectrum that would
result in unmodulated tones in the transmitted spectrum; (b)a first null at
the bit rate, resulting in a similar PSD to the modified (delay and subtract)
duo-binary signal [57]; and (c) significantly reduced low-frequency content.
The detection of this signal with a square law (i.e., PIN detector) produces a
unipolar RZ photocurrent version of the original bit sequence. A transmission
spectrum such as this could result in low impact due to dispersion and fiber
nonlinearities, and potentially could be easy to generate in single-sideband
form by optical filtering,

k4

6. Discussion

In this chapter we have attempted to bring to the fore some theoretical and
implementation issues surrounding the possible advantageous application of
modulation formats other than unipolar NRZ and RZ to fiber-optic commu-
nication systems. This has been illustrated with examples from the literature to
elucidate the properties of signal formats in various single and multichannel
optical transmission configurations, and how the work may be extended to
further improve system performance. A

Multilevel modulation is capable of significant increases in spectral effi-
ciency in radio systems where noise in signal (shot noise, signal-spontaneous
beat noise) and power-dependent channel nonlinearities are absent. In optical
systems where noise in signal is the limiting noise source, multilevel inten-
sity modulation, we believe, will not have practical application in long-haul
systems due to the excessive power required that would induce much larger
interchannel nonlinearity penalties than binary signaling formats. This would
then preclude the use of multilevel amplitude modulation formats that could
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otherwise improve spectral efficiency beyond what has already been demon-
strated through the combined use of polarization-division multiplexing and
such formats as chirped or alternating phase RZ, modified duo-binary RZ,
OSSB, and potentially AMI.# The potential application of multilevel signaling
to data transmission systems on multimode fiber remains an open issue.

However, it is intriguing to speculate whether with improvements in optical
source stability now being required by closely spaced DWDM channels, if
coherent transmission might just become practical. If this were practical from
the standpoint of optical source stability, both for transmission lasers as well
as for the phase and/or frequency-locked local oscillator lasers needed at the
receiver, then a whole host of additional possibilities open up. For instance,
with the lower launched powers that distributed Raman amplifiers offer, the
fiber portion of the transmission link is now very much closer to operating free
of nonlinear distortions due to SPM, FWM, and XPM. Then the combination
of OSSB with coherent detection might permit adaptive electrical dispersion
compensators to be used based on, for example, electrical tapped delay line
filters. If this were the case, then most of the needed dispersion compensation
could be implemented using the usual very broadband optical means such as
dispersion-compensating fiber, but that fine-tuning of the signal eye could be
done electrically. ,

Additionally, coherent detection of phase modulated channels might take
advantage of the constant envelope of phase modulated channels to reduce
the impact of nonlinear impairments resulting from FWM and XPM since
amplitude fluctuations, other than those induced by dispersion, would be
absent. This too, might allow the application of multilevel PSK formats that
have narrow signal spectra, thereby permitting the increased spectral efficiency
denied by fiber nonlinearities in multilevel ASK formats. (Note the power levels
in Fig. 16.16.)

Acknowledgments

The summary of work presented in this chapter would not have been pos-
sible without the work carried out by many graduate students with whom I
have had the pleasure of working both as colleague and supervisor during
my tenure as NSERC/Nortel/TR Labs Industrial Research Chair at TR Labs
and the University of Alberta in Edmonton, Alberta, Canada. Specifically, in
chronological order, Greg May, Sheldon Walklin, Mike Sieben, Bob Davies,

4 This is in contradiction to a recent paper in Nature. P. P. Mitra and I, B. Stark, “Nonlinear
limits to the information capacity of optical fibre communications,” Nature, vol. 411, pp. 1027-
1030, 28 June 2001. : ‘



16. Bandwidth-Efficient Modulation Formats 895

and Sing Cheng contributed original work on the various modulation for-
mats that is summarized here and in their publications. Additionally, I would
like to acknowledge Prof. David Dodds of TRLabs and the University of
Saskatchewan for his contributions and collaboration in the evolution of the
work on optical single-sideband modulation.

Andrew Ellis and Roe Hemenway of Corning Incorporated are gratefully
acknowledged for their comments on and suggestions for improving the clarity
of the manuscript—any lack of success for which they are entirely exonerated.
Becki Rappleye provided valuable assistance with the manuscript.

References

[
(5]

(10]

(11]

(12]

Bell System Technical Journal issue devoted to the Atlanta Fiber System
Experiment, BSTJ, vol. 57, July-August, 1976.

Henry, P. S., “Lightwave Primer,” IEEE Journal of Quantum Electronics, vol.
QE-21, No. 12, pp. 1862-1879, December 1985.

Cartledge, J. C. and R. G. McKay, “Performance of 10 Gb/s Lightwave Systems
Using an Adjustable Chirp Optical Modulator and Linear Equalization,” IEEE
Photonics Technology Letters, vol. 4, no. 12, pp. 1394-1397, December 1992.
Jopson, B. and A. Gnauck, “Dispersion Compensation for Optical Fiber
Systems,” IEEE Communications Magazine, vol. 33, pp. 96-102, June 1995.
Gnauck, A. H. and R. M. Jopson, “Dispersion Compensation for Optical Fiber
Systems,” in Optical Fiber Telecommunications III4, Edited by Ivan P. Kaminow
and Thomas L. Koch, Academic Press, San Diego, 1997.

Couch, L. W. II, Digital and Analog Communication Systems, Fifth Edition,
Prentice Hall, Upper Saddle River, New Jersey, 1997.

Lahti, B. P,, Modern Digital and Analog Communications Systems, Second Edition,
Holt, Rinehart, and Winston, Inc., Orlando, Florida, 1989.

Proakis, J. G., Digital Communications, Second Edition, McGraw-Hill, New York,
1989.

Haykin, S., Communications Systems, Third Edition, John Wiley & Sons,
New York, 1994.

Waklin, S. and J. Conradi, “Multilevel Signaling for Increasing the Reach of
10 Gb/s Lightwave Systems,” Journal of Lightwave Technology, vol. 17, pp. 2235-
2248, 1999.

May, G., A. Solheim, and J. Conradi, “Extended 10 Gb/s Fiber Transmission
Distance at 1538 nm Using a Duobinary Receiver,” IEEE Photonic Technology
Letters, vol. 6, no. 5, pp. 648-650, May 1994.

Gu, X, etal., “10 Gbit/s, 138 km Uncompensated Duobinary Transmission Over
Installed Standard Fiber,” Electronics Letters, vol. 30, no. 23, pp. 1953-1954,
1994, :

Yonenaga, K., et al., “Optical Duobinary Transmission System With No Receiver
Sensitivity Degradation,” Electronics Letters, vol. 31, no. 4, pp. 302-304, 1995.



896

(4]

[15]

[16]

[17]

(18]

[19]

[20]

(21]

[22]

[23]

(24]

(25]

[26]

[27]

Jan Conradi

Kuwano, S., et al., “10 Gbit/s Repeaterless Transmission Experiment of Optical
Duobinary Modulated Signal,” Electronics Letters, vol. 31, no. 16, pp. 1359-1361,
1995,

Price, A. J. and N. Le Mercier, “Reduced Bandwidth Optical Digital Intensity
Modulation with Improved Chromatic Dispersion Tolerance,” Electronics Letters,
vol. 31, no. 1, pp. 58-59, 1995.

Price, A. J, et al., “210Km Repeaterless 10 Gb/s Transmission Experiment
Through Nondispersion-Shifted Fiber Using Partial Response Scheme,” JEEE
Photonics Technology Letters, vol. 7, no. 10, pp. 1219-1221, 1995.

Walklin, 8. and J. Conradi, “On the Relationship Between Chromatic Dispersion
and Transmitter Filter Response in Duobinary Optical Commumnication Systems,”
IEEE Photonics Technology Letters, vol. 9, no. 7, pp. 1005-1007, July 1997,

Yano, Y., et al., “WDM Transmission Experiment Using Optical Duobinary
Coding,” ECOC *96, vol. 5, Postdeadline paper ThB.3.1, September 1996,

Ito, T, et al., “Feasibility Study On Over 1 Bit/s/Hz High Spectral Efficiency
WDM With Optical Duobinary Coding and Polarization Interleave Multiplex-
ing,” OFC ’97, Paper Tul1, pp. 43-45, 1997. R

Ono, T. and Y. Yano, “Key "Technologies for Terabit/Second WDM Systems with
High Spectral Efficiency of Over 1 bit/Hz,” IEEE J. Quantum Electron., vol. 34,
pp. 2080-2088, November 1998, ‘ , :

Ono, T, Y. Yano, K. Fukuchi, T Ito, H. Yamazaki, M. Yamaguchi, and
K. Emura, “Characteristics of Optical Duobinary Signals in Terabit/s Capac-
ity, High-Spectral Efficiency WDM Systems,” Journal of Lightwaye Technology,
vol. 16, no. 5, pp. 788797, 1998,

Miyamoto, Y, K. Yonenaga, A. Hirano, H. Toba, K. Murata, and H. Miyazawa,
“Duobinary Carrier-Suppressed Return-to-Zero Format and Its Application to
100 GHz-spaced 8 x 43-Gb/s DWDM Unrepeatered Transmission over 163 km,”
OFC 2001, Paper TU 1141,

Yonenaga, K. and N, Takachio, “A Fiber Chromatic Dispersion Compensation
Technique With An Optical SSB Transmission In Optical Homodyne Detection
Systems,” IEEFE Photonics Technology Letters, vol. 5,.no. 8, pp. 949-951, August
1993, )

Yonenaga, K. and N. Takachio, “Dispersion Compensation for Homodyne
Detection Systems Using a 10 Gb/s Optical PSK-VSB Signal,” JEEE Photonics
Technology Letters, vol. 7, no. 8, pp. 929-931, August 1995,

Conradi, J, B. Davies, M. Sieben, D. Dodds, and S. Walklin, “Optical Single Side-
band (OSSB) Transmission for Dispersion Avoidance and Blectrical Dispersion
Compensation in Microwave Subcarrier and Baseband Digital Systems,” OFC
’97, Postdeadline paper PD-29, Dallas, TX, February 1997.

Sieben, M., 1. Conradi, D. Dodds, B. Davies, and S. Walklin, “10 Gb/s Optical
Single Sideband System,” Electronic Letters, vol. 33, no. 11, pp. 971-973, 1997,
Bigo, S, A. Bertaina, Y. Frignac, S. Borne, L. Lorcy, D. Hamoir, D. Bayart,
J-P. Hamaide, W, Idler, E. Lach, B. Franz, G. Veith, P, Sillard, L. Fleury,
P. Guenot, and P. Nouchi, “5.12 Tb/s (128 x 40 Gb/s WDM) Transmission over



(28]

[29]
[30]

[34]

[35]

[36]

[37]

38]

[39]
[40]
[41]
[42]

(43]

16. Bandwidth-Efficient Modulation Formats 897

3 x 100km of TeraLight™ Fibre,” ECOC 2000, Postdeadline paper PD. 1.1,
Munich, Germany, 2000.

Kobayashi, Y., K. Kinjo, K. Ishida, T. Sugihara, S. Kajiya, N. Suzuki, and
K. Shimizu, “A Comparison Among Pure-RZ, CS-RZ, and SSB-RZ Format, in
1T/s (50 x 20 Gb/s, 0.4 nm spacing) WDM Transmission over 4,000 km,” ECOC
2000, Postdeadline paper 1.7, Munich, Germany, 2000.

See OFC 2001 and ECOC 2001 conference proceedings.

Lee, W. S., et al., “4 x 40 Gbit/s RZ ETDM transmission over 520 km of NDSF
at 120 and 160 km span lengths with Raman pre-amplification,” Electron. Lett.,
vol. 36, pp. 734-736, 2000.

Elrefaie, A. F., R. E. Wagner, D. A. Atlas, and D. G. Daut, “Chromatic Disper-
sion Limitations in Coherent Lightwave Transmission Systems,” IEEE Journal of
Lightwave Technology, vol. 6, no. 5, pp. 704-709, 1988.

| Petermann, K., Laser Diode Modulation and Noise, Kluwer Academic Publishers,

Holland, 1988.

Moodie, D. G,, et al., “40 Gbit/s Modulator with Low Drive Voltage and High
Optical Output Power,” Paper We.F.3.2, Proc. ECOC 2001, Amsterdam, vol. 33,
pp. 332-333. )

Koyama, F. and K. Iga, “Frequency Chirping in External Modulators,” Journal
of Lightwave Technology, vol. 6, pp. 87-93, 1998,

Gnauck, A. H., S. XK. Korotky, J. J. Veselka, J. Nagel, C. T. Kemmerer,
W. J. Minford, and D. T. Moser, “Dispersion Penalty Reduction Using an Optical
Modulator with Adjustable Chirp,” IEEE Photonics Technology Letters, vol. 3,
no. 10, pp. 916-918, 1991. -

Smith, G. H., D. Novak, and Z. Ahmed, “Technique for Optical SSB Generation
to Overcome Dispersion Penalties in Fibre-Radio Systems,” Electronics Letters,
vol. 33, no. 1, pp. 74-75, 1997.

Davies, B. and J. Conradi, “Hybrid Modulator Structure for Subcarrier and Har-
monic Subcarrier Optical Single Sideband,” Photonics Technology Letters, vol. 10,
no. 4, pp. 600-602, April 1998.

Smith, R. G. and S. Personick, “Receiver Design for Optical Fiber Commu-
nication Systems,” in Semiconductor Devices for Optical Communication, 2nd
Edition, H. Kressel, ed., vol. 39, pp. 89-160, Springer Verlag, New York, 1982.
Lender, A., “Correlative Digital Communication Techniques,” IEEE Transactions
on Communications Technology, vol. COM-12, pp. 128135, 1964.

Lender, A., “Correlative Level Coding for Binary-Data Transmission,” IEEE
Spectrum, vol. 3, pp. 104-115, 1966. '

Kabal, P. and S. Pasupathy, “Partial-Response Signaling,” IEEE Transaction on
Communications, vol. Com-23, pp. 921-934, 1975.

Haykin, S., Chapter 7, Communications Systems, Third Edition, John Wiley &
Sons, 1994,

Hakki, B. W., “Dispersion of Microwave-Modulated Optical Signals,” Journal of
Lightwave Technology, vol. 11, no. 3, pp. 474-480, March 1993.



898

[44]

[43]

[46]

[47]

148]

[49]

[50]

(51]

[52]

[53]

[54]

[53]

[56]

[57]

Jan Conradi

Schmuck, H., “Comparison of Optical Millimeter Wave Systems Concepts with
Regard to Chromatic Dispersion,” Electronics Letters, vol. 31 pp. 1848-1849,
1996.

Kahn, L. R., “Compatible Single Sideband,” Proceedings of the IRE, vol. 49,
pp. 1503-1527, 1961.

Voelcker, H., “Demodulation of Single-Sideband Signals via Envelope Detec-
tion,” IEEE Transactions on Communication Technology, vol. COM-14, pp. 20-30,
February 1966.

Voelcker, H., “Toward A Unified Theory of Modulation—FPart 1: Phase-Envelope
Relationships,” Proceedings of the IEEE, vol. 54, no. 3, pp. 340-353, March 1966.
Sieben, M., J. Conradi, and D. E. Dodds, “Optical Single Sideband Transmission
at 10 Gb/s Using Only Electrical Dispersion Compensation,” Journal of Lightwave
Transmission, vol. 17, pp. 1742-1749, 1999.

Yano, Y., et al., “WDM Transmission Experiment Using Optical Duobinary
Coding,” ECOC 96, vol. 5, Postdeadline paper ThB.3.1, September 1996.

Ito T, et al., “Feasibility Study On Over 1 Bit/s/Hz High Spectral Efficiency WDM
With Optical Duobinary Coding and Polarization Interleave Multiplexing,” OFC
’97, Paper Tull, pp. 4345, 1997. :

Ono, T, Y. Yano, K. Fukuchi, T. Ito, H. Yamazaki, M. Yamaguchi, and
K. Emura, “Characteristics of Optical Duobinary Signals in Terabit/s Capac-
ity, High-Spectral Efficiency WDM Systems,” Journal of Lightwave Technology,
vol. 16, no. 5, pp. 788-797, 1998,

Ono, T. and Y. Yano, “Key Technologies for Terabits/Second WDM Systems with
High Spectral Efficiency of Over 1 bit/sHz,” IEEE J. Quantum Electronics, vol. 34,
pp. 2080-2088, 1998.

Asiawa, 8., J. Kani, M. Fukui, T. Sakamoto, M. Jinno, S. Norimatsu, H. Ono,
and K. Oguchi, “A 1580-nm Band WDM Transmission Technology Employing
Optical Duobinary Coding,” Journal of Lightwave Technology, vol. 17, pp. 191
198, 1999,

Kobayashi, Y, K. Kinjo, K. Ishida, T. Sugihara, S, Kajiya, N. Suzuki, and
K. Shimizu, “A Comparison Among Pure-RZ, CS-RZ, and SSB-RZ Format, in
1Tb/s (50 x 20 G/s, 0.4 nm spacing) WDM Transmission Over 4,000 km,” ECOC
2000, Postdeadline paper 1.7, Munich, Germany, September 2000,

Nissov M., et al., “32 x 20 Transmission over Trans Atlantic Distance (6,200 km)
with 31% Spectral Efficiency,” OFC 2000, Postdeadline paper PD-30.

Bakhshi, B., M. Vaa, E. E. Golovchenko, W, W. Patterson, R. L. Maybach, and
N. S. Bergano, “Comparison of CRZ, RZ, and NRZ Modulation Formats in
a 64 x 12.3Gb/s WDM Transmission Experiment over 9000 km,? OFC 2000,”
Paper WF4, Anaheim, California, March 2000,

Cheng, K. S. and J. Coﬁradi, “Reduction of Pulse-to-Pulse Interaction Using
Alternative RZ Formats in 40 Gb/s Systems,” Photonics Technology Letters,
in press.



16. Bandwidth-Efficient Modulation Formats 899
Bibliography

DUO-BINARY

Ennser, K., et al., “Phase-Encoded Duobinary Transmission Over Non-Dispersion
Shifted Fiber Links Using Chirped Grating Dispersion Compensators,” Electronics
Letters, vol. 33, no. 1, pp. 72-74, 1997.

Fukuchi, K., et al., “10 Gbit/s-120km Standard Fiber Transmission Employing a
Novel Optical Phase-Encoded Intensity Modulation for Signal Spectrum Compres-
sion,” OFC *97 Technical Digest, Paper ThH3, pp. 270-271, 1997.

Gu, X. and L. C. Blank, “10 Gbit/s Unrepeatered Three-Level Optical Transmission
Over 100 km of Standard Fiber,” Electronics Letters, vol. 29, no. 25, pp. 2209-2211,
1993.

Lender, A., “Correlative Digital Communication Techniques,” IEEE Transactions on
Communications Technology, vol. COM-12, pp. 128-135, 1964,

Lender, A., “Correlative Level Coding for Binary-Data Transmission,” IEEE Spectrum,
vol. 3, pp. 104-115, 1966.

Loh, W. H., et al., “Dispersion Compensated 10 Gbit/s Transmission Over 700 km
of Standard Single Mode Fiber with 10 cm Chirped Fiber Grating and Duobinary
Transmitter,” OFC 96, Postdeadline paper PD30, 1996.

Nakhla, M., “Error Probability for Multilevel Digital Systemsin Presence of Intersym-
bol Interference and Additive Noise,” IEEE Transactions on Communications, vol. 42,
no. 7, pp. 2380-2383, 1994,

Omno, T., et al., “Demonstration of High-Dispersion Tolerance of 20 Gbii/s Optical
Duobinary Signal Generated by a Low-Pass Filtering Method,” OFC ’97 Technical
Digest, Paper ThH1, pp. 268-269, 1997.

Wauth, T, W, Kaiser, and W. Rosenkranz, “Impact of Self-Phase Modulation on
Bandwidth Efficient Modulation Formats,” OFC 2001, Paper MM6, 2001.

SINGLE SIDEBAND

Bedrosian, E., “A Product Theorem For Hilbert Transforms,” Proceedings of the IEEE,
pp. 868-869, May 1963.

Kahn, L. R., “Compatible Single Sideband,” Proceedings of the IRE, vol. 49, pp. 1503—
1527, 1961.

Lockhart, G. B., “A Spectral Theory for Hybrid Modulation,” IEEE Transactions on
Communications, vol. COM 21, no. 7, pp. 790-800, 1973.

Logan, B. F. and M. R. Schroeder, “A Solution to the Problem of Compatibility
Single-Sideband Transmission,” IRE Transactions on Information Theory, vol. IT-8,
pp. S 252-S 259, 1962.

Powers, K. H., “The Compatibility Problem in Single-Sideband Transmission,”
Proceedings of the IRE, vol. 48, pp. 1431-1435, 1960.

Voelcker, H., “Demodulation of Single-Sideband Signals via Envelope Detection,”
IEEE Transactions on Communication Technology, vol. COM-14, pp. 20-30, February
1966.



16. Bandwidth-Efficient Modulation Formats 899
Bibliography

DUO-BINARY

Ennser, K., et al., “Phase-Encoded Duobinary Transmission Over Non-Dispersion
Shifted Fiber Links Using Chirped Grating Dispersion Compensators,” Electronics
Letters, vol. 33, no. 1, pp. 72-74, 1997.

Fukuchi, K., et al., “10 Gbit/s-120km Standard Fiber Transmission Employing a
Novel Optical Phase-Encoded Intensity Modulation for Signal Spectrum Compres-
sion,” OFC *97 Technical Digest, Paper ThH3, pp. 270-271, 1997.

Gu, X. and L. C. Blank, “10 Gbit/s Unrepeatered Three-Level Optical Transmission
Over 100km of Standard Fiber,” Electronics Letters, vol. 29, no. 25, pp. 2209-2211,
1993.

Lender, A., “Correlative Digital Communication Techniques,” IEEE Transactions on
Communications Technology, vol. COM-12, pp. 128-135, 1964.

Lender, A., “Correlative Level Coding for Binary-Data Transmission,” IEEE Spectrum,
vol. 3, pp. 104-115, 1966.

Loh, W. H., et al., “Dispersion Compensated 10 Gbit/s Transmission Over 700 km
of Standard Single Mode Fiber with 10 cm Chirped Fiber Grating and Duobinary
Transmitter,” OFC 96, Postdeadline paper PD30, 1996.

Nakhla, M., “Error Probability for Multilevel Digital Systems in Presence of Intersym-
bol Interference and Additive Noise,” IEEE Transactions on Communications, vol. 42,
no. 7, pp. 2380-2383, 1994.

Ono, T, et al., “Demonstration of High-Dispersion Tolerance of 20 Gbit/s Optical
Duobinary Signal Generated by a Low-Pass Filtering Method,” OFC *97 Technical
Digest, Paper ThHI, pp. 268-269, 1997.

Wauth, T, W. Kaiser, and W. Rosenkranz, “Impact of Self-Phase Modulation on
Bandwidth Efficient Modulation Formats,” OFC 2001, Paper MMS6, 2001.

SINGLE SIDEBAND

Bedrosian, E., “A Product Theorem For Hilbert Transforms,” Proceedings of the IEEE,
pp. 868-869, May 1963.

Kahn, L. R., “Compatible Single Sideband,” Proceedings of the IRE, vol. 49, pp. 1503~
1527, 1961.

Lockhart, G. B., “A Spectral Theory for Hybrid Modulation,” IEEE Transactions on
Communications, vol. COM 21, no. 7, pp. 790-800, 1973.

Logan, B..F. and M. R. Schroeder, “A Solution to the Problem of Compatibility
Single-Sideband Transmission,” IRE Transactions on Information Theory, vol. IT-8,
pp. S 252-S 259, 1962.

Powers, K. H., “The Compatibility Problem in Single-Sideband Transmission,”
Proceedings of the IRE, vol. 48, pp. 1431-1435, 1960.

Voelcker, H., “Demodulation of Single-Sideband Signals via Envelope Detection,”
IEEE Transactions on Communication Technology, vol. COM-14, pp. 20-30, February
1966.



900 Jan Conradi

Voelcker, H., “Toward A Unified Theory of Modulation—Part 1: Phase-Envelope
Relationships,” Proceedings of the IEEE, vol. 54, no. 3, pp. 340-353, March 1966.
Weaver, D. K. Jr., “A Third Method of Generation and Detection of Single Sideband

Signals,” Proceedings of the IRE, vol. 44, pp. 1703-1705, 1956,
Zaid, M. A., “Envelope Detection and Correction of SSB,” Electronics Letters, vol. 20,
no. 22, pp. 901-902, 1984.

RF AND MICROWAVE: SSB AND OTHER TECHNIQUES

Davies, B. and J. Conradi, “Hybrid Modulator Structure for Subcarrier and Harmonic
Subcarrier Optical Single Sideband,” Photonics Technology Letters, vol. 10, no. 4,
pp. 600-602, 1998,

Davies, B. and J. Conradi, “Hybrid Harmonic Subcarrier Optical Single Sideband With
Phase Predistortion,” Electronics Letters, vol. 34, no. 17, pp. 1673-1675, 1998.

Hakki, B. W, “Dispersion of Microwave-Modulated Optical Signals,” Journal of
Lightwave Technology, vol. 11, no, 3, pp. 474-480, 1993. ‘

IEICE Transactions on Communications, Special Issue on Fiber-Optic_Microcellu-
lar Radio Communication Systems and Their Technologies, vol. E76-B, no. 9,
September 1993.

Makoto, S., T. Kanai, W. Domom, K. Emura, and J. Namiki, “Optical Fiber Feeder
for Microcellular Mobile Communication Systems,” IEEE Journal on Selected Areas
of Communications, vol. 11, no. 7, pp. 1118-1126, 1993.

Motamedi, A. and R. Vahldeick, “Generation of Fourth Harmonic Microwave Sig-
nals Using Mach-Zehnder Modulators,” Optical Fiber Conference OFC-97 Technical
Digest, pp. 354-355, 1997.

O’Reilly, J. J. and P. M. Lane, “Fiber-Supported Optical Generation and Delivery of
60 GHz Signals,” Electronics Letters, vol, 30, no. 16, pp. 1329-1330, 1994,

Olshansky, R., “Optical Modulator For Cancellation of Second-Order Intermod-
ulation Produets In Lightwave Systems,” U.S. Patent no. 5,239,401, August
1993.

Olshansky, R., “Single Sideband Optical Modulator for Lightwave Systems,” U.S.
Patent No. 5,301,058, 1994,

Recent special issues(s) of IEEE Transactions on Microwave Theory and Techniques.

Schmuck, H., “Comparison of Optical Millimeter Wave Systems Concepts with Regard
to Chromatic Dispersion,” Electronics Letters, vol. 31, no. 21, pp. 18481849, 1996,

Smith, G. H., D. Novak, and Z. Ahmed, “Technique for Optical SSB Generation to
Overcome Dispersion Penalties in Fibre-Radio Systems,” Electronics Letters, vol. 33,
no. 1, pp. 74-75, 1997.

Smith, G. H. and D. Novak, “Broadband Millimeter-Wave (38 GHz) Fiber-Wireless
"Transmission System Using Electrical and Optical SSB Modulation to Overcome
Dispersion Effects,” IEEE Photonics Technology Letters, vol. 10, no. 1, pp. 141143,
1998.



16. Bandwidth-Efficient Modulation Formats 201

Smith, G. H., D. Novak, and Z. Ahmed, “Overcoming Chromatic-Dispersion Effects
in Fiber-Wireless Systems Incorporating External Modulators,” IEEE Transactions
on Microwave Theory And Techniques, vol. 45, no. 8, pp. 14101415, 1997.

Wake, M., R. G. Walker, and C. Edge, “Single Sideband Modulator in GaAs Integrated
Optics For Microwave Frequency Operation,” Integrated Photonics Research, OS4
Technical Digest Series, 10, Postdeadline paper PD-8, 1992,

Walker, N. G., D. Wake, and I. C. Smith, “Efficient Millimeter-Wave Signal Generation
Through FM-IM Conversion In Dispersive Optical Fiber Links,” Electronics Letters,
vol. 28, no. 21, pp. 2027-2028, 1992.

Young, T., J. Conradi, and W. Tinga, “Generation and Transmission of FM and n/4
DQPSK Signals at Microwave Frequencies Using Harmonic Generation and Opto-
Electronic Mixing in Mach-Zehnder Modulators,” IEEE Transactions on Microwave
Theory and Techniques, vol. 44, no. 2, pp. 446-453, 1996.

Zaheer, A., D. Novak, R. B. Waterhouse, and H.-F. Liu, “37-GHZ Fiber-Wireless
System For Distribution of Broadband Signals,” IEEE Transactions on Microwave
Theory and Techniques, vol. 45, no. 8, pp. 1431-1435, 1997.





