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Abstract

Spectrally efficient modulation formats can be used to overcome the problems associated
with limited channels and bandwidth of Dense Wavelength Division Multiplexing (DWDM)
optical systems. Multilevel modulation formats are considered spectrally efficient and can
double the transmission capacity by transmitting more information in the amplitude, phase,
polarization or a combination of all. Here we have studied and evaluated different multilevel
modulation formats in a practical optical transmission system.

Differential Quadrature Phase Shift Keying (DQPSK) doubles the transmission rate by
transmitting more information in the phase of the optical carrier signal. DQPSK receivers
require more complex and costly components including delay interferometers and balanced
detection photodiode receivers. Combining DQPSK with Polarization Division Multiplex
(PolDM) would result into 4 times the transmission rate, but a polarization controller would
be needed which results into a more complex receiver. A 20 Gbit/s DQPSK signal can be
generated by combining two 10 Gbit/s Differential Phase Shift Keying (DPSK) signals in
quadrature phases using a QPSK modulator. The receiver sensitivity for 20 Gbit/s NRZ-
and RZ-DQPSK signals are measured to be -36.8 dBm and -38.3 dBm, respectively. The
chromatic dispersion (CD) tolerance for a 1 dB optical signal to noise ratio (OSNR) penalty
for a 20 Gbit/s RZ-DQPSK signal is ~360 ps/nm. When PolDM is used to combine two
20 Gbit/s DQPSK signals, the receiver sensitivity for 40 (2×2×10) Gbit/s NRZ- and RZ-
DQPSK PolDM signals become -33.8 dBm and -34.7 dBm, respectively.

Conventional Quaternary Intensity Modulation (4-IM) doubles the data rate by trans-
mitting more information in the amplitude of the carrier signal. This can be achieved by
modulating the optical amplitude with an electrical 4-level Amplitude Shift Keying (ASK)
signal. A simple receiver consisting of a single photo diode, three decision circuits and a
decoding logic can be used to receive and extract the original transmitted data. It is also
possible to generate quaternary intensity modulation signals by different means, such as
combining two optical Binary/Duobinary NRZ signals with unequal amplitudes in quadra-
ture phases, or orthogonal polarizations. When optically combining two 10 Gbit/s binary
NRZ-ASK signals with unequal amplitudes in quadrature phases using a QPSK modulator
a 20 Gbit/s 4-constellation point quaternary intensity signal is generated (QASK) having the
same bandwidth as a single 10 Gbit/s binary NRZ-ASK signal. The receiver sensitivity and
the 1 dB CD tolerance are measured to be -21.6 dBm and ~130 ps/nm, respectively.

The spectral efficiency of this quaternary intensity modulation signal can be increased
even more by combining two 10 Gbit/s optical duobinary signals with unequal amplitudes
in quadrature phases using a QPSK modulator resulting in a 20 Gbit/s 9-constellation point
Quaternary Duobinary signal (QDB). When combined in orthogonal polarizations using a
Polarization Beam Combiner (PBC), a 20 Gbit/s 9-constellation point Quaternary Polariza-
tion Duobinary signal (QPolDB) is generated. The receiver sensitivity and CD tolerance of
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a 20 Gbit/s QDB signal generated using a duobinary stub filter with a frequency response
dip at 5 GHz, are measured to be -21.2 dBm and ~140 ps/nm, respectively. The receiver sen-
sitivity and CD tolerance of a 20 Gbit/s QPolDB signal generated using the same duobinary
stub filter, are measured to be -20.5 dBm and ~340 ps/nm, respectively. When using another
duobinary stub filter with a frequency response dip at 6 GHz, the receiver sensitivity and CD
tolerance of the 20 Gbit/s QPolDB signal became -18.4 dBm and ~530 ps/nm, respectively.

A polarization and phase insensitive direct detection receiver with a single photodiode
has been used to detect all generated quaternary signals as 4-IM signals. The 20 Gbit/s
QDB and QPolDB quaternary signals that we have reported for the first time, have a nar-
row spectrum with a bandwidth similar to that of a single 10 Gbit/s duobinary modulation
signal. These quaternary intensity modulation formats are attractive for DWDM systems
applied for short reach (several kilometers) to medium reach (several hundred kilometers)
transmission applications (metro applications). However, for long or ultra long haul opti-
cal fiber transmission systems, DQPSK and DQPSK PolDM modulation formats featuring
better receiver sensitivities are potential candidates.
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Chapter 1

Introduction

1.1 Background
The growth increase in the number of Internet users and the high demand for multimedia
applications such as audio and video will cause a need to upgrade the existing Internet back-
bone communication networks to operate at higher transmission rates. Currently, virtually
most or all of the telephone conversations, cellular phone calls, and Internet packets must
pass through an optical fiber communication network between the source and destination.
While initial deployment of optical fiber networks were mainly for long-haul or subma-
rine transmission, optical fiber networks are currently in virtually all metro networks [1].
These optical communication networks widely use Dense Wavelength Division Multiplexed
(DWDM) transmission systems to increase the transmission capacity by transmitting differ-
ent data streams on different wavelengths (channels). It is possible to increase the through-
put of such DWDM transmission systems by using wider optical bandwidths per channel so
that the data rate per channel can be increased, or by using advanced modulation formats
with higher spectral efficiency (SE) that can be used to transmit more information using the
same bandwidth, or by using a combination of both mentioned methods [2, 3, 4, 5, 6]. Using
wider optical bandwidths per channel will lead to a limited number of DWDM channels due
to a limitation by the spectral bandwidth of optical amplifiers and fiber transmission lines
[5]. Higher spectral efficiency can be achieved by doubling the transmission capacity by
transmitting more information in the amplitude, phase, polarization or a combination of all
[2, 6, 7]. Multilevel modulation formats are considered as advanced modulation formats
that can be used to overcome the problems associated with limited channels and bandwidth
of DWDM systems by lowering the signaling speed by carrying several information bits on
a single symbol. Multilevel modulation formats are widely used in highly efficient electri-
cal communication systems such as wireless communications [5]. Some examples of such
optical advanced multilevel modulation formats that can double the data rate are:

1. Conventional Quaternary Intensity Modulation (4-IM) or also called 4-ary ASK can
double the data rate by transmitting more information in the amplitude of the carrier
signal by modulating the amplitude with an electrical 4-level ASK signal. To receive
and extract the original transmitted data, a single photo diode, three decision circuits
and a decoding logic is needed at the receiver side [8, 9, 10, 11, 12].

2. Differential Quadrature Phase Shift Keying (DQPSK) doubles the data rate by trans-
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mitting information in two quadrature phases. To receive and extract the original
transmitted data, two balanced receiver structures each similar to a Differential Phase
Shift Keying (DPSK) receiver are needed at the receiver side. Each receiver consists
of two photo diodes and a Mach Zehnder Delay Interferometer (MZDI) [13, 14, 15].

3. Differential Polarization Phase Shift Keying (DPolPSK) doubles the data rate by
transmitting information in the carrier phase and two orthogonal polarizations. To
receive and extract the original transmitted data, a balanced receiver structure, consist-
ing of two photodiodes and a MZDI (DPSK receiver) in addition to a similar receiver
used for the 4-IM signal are needed [16, 17].

4. Differential Phase Amplitude Shift Keying (DP-ASK) doubles the data rate by trans-
mitting information in both the phase and amplitude of the carrier signal. To receive
and extract the original transmitted data, a balanced receiver structure, consisting of
two photo diodes and a MZDI (DPSK receiver) to detect one data stream in addition
to a single photo diode (ASK receiver) to detect the other transmitted data stream are
needed at the receiver [18, 19].

Combining DQPSK with Polarization Division Multiplex (PolDM) would improve the spec-
tral efficiency but would require a more complex receiver. The multilevel 4-IM modulation
format can be considered as a cost-effective single-channel implementation of high-capacity
links and can result in increased capacity when combined with DWDM. However, its in-
herent degradation of the receiver sensitivity suggests that it is not suitable for ultra-long
distance transmission. Therefore, it can be suitable for short reach (several kilometers) to
medium reach (several hundreds kilometers) transmission applications [5]. A quaternary
4-ary (4-IM) modulation signal can also be generated using different generation techniques
than the conventional method by:

1. Optically combining two binary intensity modulated signals with unequal amplitudes
in quadrature phases using a QPSK modulator (QASK) [20, 21, 6]. To receive and
extract the original transmitted data, the same receiver structure of the conventional
4-IM method is used.

2. Optically combining two binary intensity modulated signals with unequal amplitudes
in orthogonal polarizations using a polarization beam splitter (QPolASK) [22, 23].
To receive and extract the original transmitted data, the same receiver structure of the
conventional 4-IM method is also used.

All of the previous mentioned methods double the transmission capacity and are spectrally
efficient to one extent, but still do not have the best spectral efficiency. Another limitation
for high speed optical transmission systems is the chromatic dispersion (CD) in single mode
fibers which is the optical frequency dependence of the group delay. It is possible to over-
come the CD limitation by using other modulation formats that have higher CD tolerance
such as Duobinary modulation. Duobinary modulation outperforms all the other previously
mentioned quaternary modulation formats in term of CD tolerance. Although Duobinary
modulation does not double the transmission rate, it is also spectrally efficient [24, 25, 26].
Combining Duobinary modulation and Quaternary modulation could result in even a higher
spectral efficient modulation format. It is possible to reduce the spectral bandwidth of the
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QASK and QPolASK modulation formats to an extent where it outperforms all the other
mentioned multilevel modulation formats in terms of spectral efficiency, by using Duobinary
modulation instead of binary modulation in the generation scheme. A 9-constellation point
optical quaternary intensity signal can be generated by combining two optical Duobinary
signals with unequal amplitudes in quadrature phases using a QPSK modulator resulting
in a Quaternary Duobinary signal (QDB)/(9-QAM QPSK) [27, 28, 21, 6] or in orthogonal
polarizations using a Polarization Beam Combiner (PBC) resulting in a Quaternary Polar-
ization Duobinary signal (QPolDB)/(9-QAM PolDM) [29, 7, 6], respectively. Both of these
modulation formats have higher spectral efficiency compared to the binary, Duobinary, and
the other quaternary modulation formats. The QPolDB format had higher CD tolerance
compared to binary modulation and other quaternary modulation formats operating all at
the same bit rate.

1.2 Motivation
The motivation of the work performed in this dissertation was to implement different op-
tical quaternary modulation formats at 10 Gbaud and 20 Gbit/s data rate, measure their
performance regarding to their sensitivities, CD tolerance, and spectral bandwidth and com-
pare them with each other and to other intensity modulation schemes at the same bit rate.
The quaternary modulation formats used throughout this work were DQPSK, DQPSK with
PolDM, 4-IM, QASK, and the newly proposed QDB and QPolDB. All these modulation
formats are known to be advanced modulation formats with higher spectral efficiency com-
pared to binary Non-Return-to-Zero amplitude modulation (NRZ-ASK). The experimental
results obtained in this thesis gives the reader or designer useful information that can be
used to select between different modulation formats a suitable one that can match the re-
quirements of a specific optical transmission system for short to medium reach transmission
applications.

1.3 Organization of the Thesis
The thesis is organized into five main chapters as follows:

• The first chapter is a general introduction to the work performed in this thesis and the
motivation.

• The second chapter in its first part gives a brief description of some of the perfor-
mance parameters used to compare between different modulation formats. The second
part introduces some digital modulation formats that are used for optical communi-
cation systems such as binary (NRZ-ASK), differential phase shift keying (DPSK),
and Duobinary modulation (DB). For each of these modulation formats a brief expla-
nation will be given on their generation and detection schemes and expected signal
constellation diagram. Measured eye diagrams at 10 Gbit/s obtained by experimental
implementation of each modulation format will also be presented. These modulation
formats will be useful to understand the multilevel modulation formats mentioned
later in chapters three and four.
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• The third chapter will introduce the optical DQPSK modulation format describing
the generation and detection scheme, and the expected signal constellation diagram.
Experimental data will be presented for 20 Gbit/s DQPSK and 40 Gbit/s DQPSK
PolDM transmission system showing the receiver sensitivity and eye diagrams. Also
the CD tolerance for 20 Gbit/s RZ-DQPSK will be evaluated.

• The fourth chapter will introduce different quaternary modulation formats imple-
mented at 20 Gbit/s including conventional 4-IM, QASK, QDB, and QPolDB. The
generation and detection scheme and the expected signal constellation diagram for
each of these modulation formats will be explained. Also the practical hardware sys-
tem setup and the experimental measured results obtained such as the eye diagrams,
receiver sensitivity, and measured CD tolerances will be presented for the quaternary
modulation formats. The last section of this chapter will introduce and briefly explain
some other previously reported quaternary modulation formats such as QPolASK, and
DP-ASK.

• The fifth chapter is the last chapter of the thesis that will discusses the results ob-
tained from chapter three and four with a full comparison based on the performance
parameters given in chapter two. A conclusion of the work is given in this chapter.



Chapter 2

Digital Modulation Formats for Optical
Communication Systems

2.1 Introduction
This chapter gives a short introduction to the basic concepts and performance evaluation
parameters used to compare the different modulation formats presented in this thesis. The
parameters covered in this chapter are the receiver sensitivity, chromatic dispersion tol-
erance, and spectral efficiency (SE). The last section of this chapter will introduce some
standard digital optical modulation formats such as binary amplitude shift keying (ASK),
Differential phase shift keying (DPSK), and Duobinary modulation (DB). The generation
and detection schemes for each modulation format will be explained in details showing the
corresponding signal constellation and eye diagrams. These modulation formats are useful
to fully understand the multilevel modulation formats later mentioned in chapters three and
four.

2.2 Performance Evaluation Parameters
The commonly used linear parameters that will be used to compare the performance of
different optical transmission systems based on different modulation formats mentioned in
this thesis are the receiver sensitivity, dispersion, and spectral efficiency. A brief explanation
for each parameter will be given in the following:

2.2.1 Receiver Sensitivity

An important parameter to indicate the receiver performance in an optical transmission sys-
tem is called the receiver sensitivity. It is usually defined as the minimum average received
optical power for which the Bit Error Rate (BER) of the optical receiver is 10−9. Figure 2.1
shows the main components of a simple optical pre-amplified direct detection receiver used
for an optical transmission system consisting of an optical pre-amplifier, optical band-pass
filter (BPF), a photodiode, an electrical amplifier and an electrical low-pass filter (LPF).

The BER depends on the signal to noise ratio (SNR), which depends on various noise
sources that degrade the received optical signal. The important noise contributions are the
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Figure 2.1: Schematic of an optical direct detection pre-amplified receiver

Amplified Spontaneous Emission (ASE), Shot noise and Thermal noise [30]. It should
be noted that the photons at the output of the optical amplifier obey noncentral or central
negative bionomial distributions for transmitted one or zero, respectively. If there is no
gain, these become Poisson distributions. If the gain is infinite, these become chi-square
distributions [31]. The receiver sensitivity can also be degraded due to the fiber dispersion
that leads to power penalties and depends on both the bit rate and the fiber length. The
performance of an optical receiver can also be measured using the eye diagram. The closing
of the eye is a measure of degradation in receiver performance and is associated with a
corresponding increase in the BER [32].

2.2.2 Chromatic Dispersion Tolerance
Chromatic dispersion (CD) is one of the most basic characteristics of optical fibers [33].
It is also known as group-velocity dispersion (GVD) which is caused by the wavelength
dependence of the refractive index. In optical transmission systems when an optical carrier
is modulated and transmitted over a fiber, the modulated signal occupies a certain optical
spectral bandwidth. Signal from different parts of the spectrum propagates with different
speed due to chromatic dispersion [33, 1]. When operating at higher bit rates over long
lengths of optical fiber, the chromatic dispersion causes broadening of a single transmitted
pulse in addition to interference between adjacent pulses which is known as inter-symbol-
interference (ISI), hence producing distortions in the received signals [34, 35].

To understand better the chromatic dispersion, we will use the complex field transfer
function of an optical fiber with a length L in the frequency domain

H (ω) = ejϕ = e−jβ(ω)L, (2.1)

where β (ω) is the propagation constant , ω is the optical angular frequency and the
attenuation has been neglected. It is useful to approximate its phase ϕ by a truncated Taylor
series around the carrier frequency ω0,

ϕ = −β (ω) L = −n (ω)
ω

c
L = −(β0 + β1(ω − ω0) +

1

2
β2(ω − ω0)

2 + ...)L, (2.2)

where c is the speed of light in vacuum and n (ω) is the refractive index. At ω0 the
propagation constant β (ω) assumes the value β0, and its first and second derivatives with
respect to ω are β1, and β2, respectively as follows:



2.2 Performance Evaluation Parameters 7

β1 = β′ =
1

υg

=
dβ

dω

∣∣∣∣∣
ω=ω0

, (2.3)

β2 = β′′ =
d

dω

(
1

υg

)
=

d2β

dω2

∣∣∣∣∣
ω=ω0

, (2.4)

where β′ is the inverse of the group velocity υg, β′′ is the first order dispersion, λ is the
optical wavelength, and ω = 2πc/λ. The group delay is:

τg = −ϕ′ =
dϕ

dω
= (β′ + (ω − ω0)β

′′) L. (2.5)

It is a linear function of ω. Its derivative with respect to wavelength λ and length L is
the chromatic dispersion coefficient:

D =
d2τg

dλ.dL
=

d

dλ

(
1

υg

)
= −2πc

λ2
β′′ = −2π

λ2

(
2
dn̄

dω
+ ω

d2n̄

dω2

)
, (2.6)

in the units of ps/(km.nm) [36, 37, 1, 32]. The wavelength dependence of D is governed
by the frequency dependence of the mode index n̄. Standard single mode fiber (SSMF) has
a dispersion coefficient from 16 to 19 ps/(nm.km) at the low-loss window of 1550 nm. Due
to chromatic dispersion in optical fiber, the level of intersymbol interference that limits the
maximum transmission distance depends on the chromatic dispersion index factor γ [34, 38]
given as :

γ =
R2LDλ2

πc
, (2.7)

where R is the data rate of the system, and L is the transmission length. It can be
seen that the limit of transmission length due to the waveform distortion by the chromatic
dispersion of the fiber is inversely proportional to the chromatic dispersion and the square
of the system data rate. The chromatic dispersion tolerance curve shows the required optical
signal-to-noise ratio OSNR [dB/0.1nm] for a BER = 10−9 versus the residual chromatic
dispersion. The OSNR [dB/0.1nm] is usually measured with an Optical Spectrum Analyzer
(OSA) by subtracting the noise power (dBm) measured with the OSA resolution bandwidth
(RB) set to 0.1 nm from the signal peak power (dBm) measured with the OSA RB set to
1 nm. Normally the CD tolerance of a modulation format corresponds to the maximum
residual dispersion where the OSNR penalty is 1dB [39].

2.2.3 Spectral Efficiency
The throughput of a dense wavelength-division multiplexed (DWDM) transmission system
can be increased by using a wider optical bandwidth, increasing the spectral efficiency SE,
or by some combination of both [2]. Utilizing a wider bandwidth typically requires ad-
ditional amplifiers and other optical components. So a better solution is to efficiently use
the available optical bandwidth by reducing the channel spacing to increase the number of
channels within a fixed optical bandwidth. This can be achieved by reducing the spectral
occupancy for the modulation signal by using alternative advanced modulation formats with
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high spectral efficiency [4, 3, 10, 40, 41, 42]. The spectral efficiency (SE) limit in a DWDM
system is defined as:

SE =
C

4f
, (2.8)

where 4f is the channel spacing and C is the capacity per channel. C and S have
units of bits per second (b/s) and b/s/Hz, respectively. Advanced modulation formats such
as multilevel modulation formats have higher spectral efficiency due to the narrower optical
spectrum with respect to that of binary NRZ signal with identical bit rate [40, 39, 43].

2.3 Digital Optical Modulation Formats

For designing digital optical communication links, there exist a wide variety of modulation
formats to choose from. The electric field of the optical carrier is given by [32]:

E (t) = êAe−j(ωt+φ). (2.9)

Four properties of an optical signal can be modulated: A is the amplitude of the optical
field, φ is the optical phase, ω is the optical angular frequency, and ê is the polarization
vector of the laser source [44, 45, 46, 47]. Each of these parameters can be modulated by an
electrical binary baseband signal q(t):

q (t) =
∞∑

i=−∞
Iiq (t− iTb) , (2.10)

with the i − th information coefficient I ∈ [0, 1] and the baseband pulse shape q(t)
delayed by multiples of the bit period Tb. Depending on which parameter of the laser source
is modulated, the modulation is mainly differentiated as: amplitude shift keying (ASK)
[48, 24, 49, 50], frequency shift keying (FSK) [51, 52, 53, 54], phase shift keying (PSK) [55,
56, 49, 57, 58, 15, 59], or polarization shift keying (PolSK) [60, 61, 62]. Figure 2.2 shows
an electrical binary data stream “01010011” used to modulate the amplitude, frequency, and
phase of an optical carrier signal, resulting in the generation of the standard optical digital
modulation formats ASK, PSK and FSK respectively.

Most systems today use the binary amplitude modulation format amplitude-shift-keying
(ASK) because it is simple and cheap to implement. Recently, and in the previous years,
novel advanced modulation formats with improved performance with respect to binary mod-
ulation have been suggested and investigated. However, these advanced modulation formats
may add further complexity to the transmitter and receiver hardware of the optical transmis-
sion system [45, 46, 63, 15]. Some of these advanced modulation formats such as Duobinary
and DPSK feature enhanced robustness to chromatic dispersion, optical filtering, and/or
nonlinearities [15].

Other advanced modulation formats such as multilevel modulation formats can even
have higher spectral efficiency than standard binary modulation due to the doubling of the
transmission capacity by transmitting more information in the amplitude, phase, polarization
or a combination of all [6]. Some of the previous published multilevel modulation formats
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Figure 2.2: Basic digital modulation formats (ASK, PSK, FSK)

are quaternary intensity modulation (4-IM) or also called 4-ary ASK [8, 9, 10, 11, 12], dif-
ferential quadrature phase-shift-key (DQPSK) [14, 15, 13], Differential Polarization-Phase-
Shift Keying (DPolPSK) [16, 17], Quaternary polarization amplitude-shift-keying (QPo-
lASK) [23, 22], Differential-phase amplitude-shift-keying (DP-ASK) [18, 19], and quater-
nary amplitude-shift-keying (QASK) [20, 28, 6, 21].

In the following sections the principle of operation will be given for generating and de-
tecting standard optical modulation formats such as Binary Intensity Modulation (IM), Dif-
ferential Phase Shift Keying (DPSK), and Duobinary Modulation (DB). These modulation
formats will be used as a base to generate more advanced quaternary modulation formats
such as DQPSK, 4-IM, QASK, QDB, and QPolDB that will be explained in more details in
the following chapters.

2.3.1 Binary Intensity Modulation (IM)

Binary intensity modulation (IM) or also called Amplitude Shift Keying (ASK) is the most
common used modulation format in the deployed optical transmission systems currently
available today. This modulation technique is well known from classical telecommunica-
tion theory [64, 65, 42]. It is also known as On-Off-keying (OOK) because it is a result of
switching ON and OFF the amplitude of an optical carrier signal. This can be achieved by
directly modulating the current of the laser source or by using an external optical modulator
to modulate the amplitude of the laser carrier signal [66]. The most common generation
scheme is externally modulating the laser signal using an intensity Mach-Zehnder Modu-
lator (MZM) biased at the quadrature point of the modulator power transfer function, and
driven by an electrical binary NRZ-ASK signal with peak-to-peak (p-p) amplitude of Vπ

as shown in figure 2.3. More details and explanation on the principle of operation of the
intensity Mach-Zehnder modulator are given in appendix A.
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Figure 2.3: Principle of Binary NRZ-ASK modulation generation using intensity MZM

The intensity eye diagram of a detected 10 Gbit/s binary NRZ-ASK signal is also shown
in figure 2.3 (left). Figure 2.4 shows the resulting constellation diagram of the optical ASK
signal consisting of the OFF state “0” and the ON state “1”.

Re(E)

Im(E)

0                    1

Figure 2.4: ASK signal constellation diagram

The ASK modulation format can also be characterized by the extinction ratio (ER) which
is defined as the ratio between the intensities of the ON and OFF states [35]:

ER = 10 log
(

ION

IOFF

)
. (2.11)

The binary NRZ-ASK signal can be detected using a simple photo diode at the receiver
(direct detection) similar to the receiver shown in figure 2.1. The spectrum of a binary NRZ-
ASK signal contains a carrier and has a bandwidth equal to twice the bit rate ( 2

Tb
), where the

bandwidth will be defined as the null-to-null bandwidth of the main lobe spectrum [42].
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2.3.2 Differential Phase Shift Keying (DPSK)
Differential-phase-shift-keying (DPSK) signal format is a promising technique to improve
the system performance of optical communication systems [55]. In the DPSK modulation
format, the information is carried by the phase of the optical carrier signal. The optical
power in a DPSK signal appears in each bit slot, with the binary data encoded as either a 0
or π optical phase shift between adjacent bits. In NRZ-DPSK the optical power can occupy
the entire bit slot. In RZ-DPSK the optical power can appear as an optical pulse. RZ-
DPSK can be implemented by using a DPSK modulator in combination with an RZ pulse
carver [55, 47]. The most benefit of DPSK signals when compared to the conventional ASK
format is the high receiver sensitivity due to the ~3dB lower OSNR required to achieve a
given BER [67, 55, 59, 68]. DPSK can be used to extend the transmission distance, reduce
optical power requirements, and relax component specifications [15]. A critical element in
any DPSK system is the demodulator, which converts the phase modulation of the received
signal into intensity modulation [68]. The advantage of DPSK over ASK is obtained at the
expense of increased complexity and cost in the transmitter and receiver structure, such as a
need of a differential encoder at the transmitter, a delay- interferometer and its stabilization
at the receiver side and two photodiodes to construct a balanced receiver [55, 59]. An
extension of DPSK to Differential quadrature phase-shift keying (DQPSK) should enable
higher spectral efficiency and greater chromatic-dispersion tolerance [69, 70].

A standard DPSK transmission system is shown in figure 2.5. It consists of a CW laser
source, a precoder circuit, an electrical modulator driver amplifier, a DPSK transmitter (op-
tical modulator) which encodes the data in the phase of the optical signal, and a DPSK
receiver which demodulates the received data [59].

ck

Laser

Electrical
Binary NRZ 
Data Stream

Electrical
Binary signal

Optical DPSK signal

T

ak bk

0
1

0
1 bk-1

Precoder

-1
+1

Fiber
DPSK 

Reciever

Received
Binary data

DPSK 
Transmitter

0
1

Figure 2.5: Schematic diagram of an optical DPSK transmission setup

A description for each block of the optical DPSK setup will be given in the following
subsections:

2.3.2.1 DPSK Precoder

A precoder must be used at the transmitter side in order to recover the original transmitted
data at the receiver side by using a differential detection receiver with out the need of a
special decoding circuit [1, 47]. Generally, the precoder differentially encodes the original
binary bit sequence using a logic XOR gate with a feedback tap with one bit delay. The
precoding function can be written as:
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bk = ak ⊕ bk−1, (2.12)

where ak ∈ {0, 1} is the original transmitted binary data sequence, bk ∈ {0, 1} is the
precoded binary sequence, and ⊕ is the logic instruction “XOR”. The encoded symbol bk is
then transmitted in a bipolar fashion ck ∈ {−1, +1}.

2.3.2.2 DPSK Transmitter

A commonly used NRZ-DPSK transmitter setup consists of an external MZM biased at
minimum transmission and driven with a precoded binary data with twice the switching
voltage required for ASK modulation 2Vπ as shown in figure 2.6.
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Figure 2.6: Principle of DPSK modulation generation using a MZM

Figure 2.6 also shows the eye diagram (bottom-right) for a 10 Gbit/s electrical binary
NRZ signal obtained from a pseudo-random bit sequences (PRBS) pattern generator and the
resulting 10Gbit/s optical DPSK signal eye diagram (top-left) detected using a photodiode.
A phase modulator (PM) can also be used instead of the intensity MZM by only modulating
the phase of the optical field, which results in a constant-envelope optical signal [15]. A
drawback of this scheme is that the waveform ripples of the electrical driving signals are
converted into phase modulation and will eventually degrade the receiver sensitivity. This
is not the case with the MZM since the phase of the optical field changes its sign when a
transition is occurred through the minimum point of the MZMs power transmission curve,
therefore, the two neighboring intensity transmission maxima points will have an opposite
phase, resulting in a near-perfect π phase shift independent of the drive voltage swing [59,
15]. Table 2.1 illustrates the different digital signals in a DPSK transmitter, for an input bit
pattern ak = ”01010011”. For differential encoding a reference bit is needed to initiate the
encoding process. This reference bit could arbitrarily be set to logic “1” or logic “0”. In the
table the reference bit bk at instant k = −1 was set to logic “0”.
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Table 2.1: Transmitted bit stream “01010011” for DPSK modulation
Time instant k -1 0 1 2 3 4 5 6 7

Transmitted data ak 0 1 0 1 0 0 1 1

Diff. Encoded data bk 0 0 1 1 0 0 0 1 0

Bipolar encoded ck -1 -1 +1 +1 -1 -1 -1 +1 -1

I/P voltage to MZM ±V π −Vπ −Vπ +Vπ +Vπ −Vπ −Vπ −Vπ +Vπ −Vπ

O/P Electrical Field ±E +E +E −E −E +E +E +E −E +E

Transmitted phase φ 0 0 π π 0 0 0 π 0

Phase difference |φ| 0 π 0 π 0 0 π π

The optical spectrum of a DPSK signal has the same bandwidth of an ASK signal but
without containing any carrier frequency component. Figure 2.7 shows the resulting signal
constellation diagram of the DPSK signal.

Re(E)

Im(E)

-1                                 1 

Figure 2.7: DPSK signal constellation diagram

For the generation of RZ-DPSK signals, the transmitter setup will consist of two external
modulators as shown in figure 2.8. The first modulator is used for phase modulation which is
mostly based on a MZM biased at minimum transmission and driven with precoded binary
data with a voltage swing of 2Vπ [59, 15] thus generating an NRZ-DPSK signal as shown
in figure 2.8 (Top-Left). The second MZM is used as a pulse carver and is driven by a
sinusoidal signal. When the pulse carver MZM is biased at the quadrature point (similar to
ASK) and driven with a clock frequency signal with voltage swing amplitude of Vπ, a 50%
RZ-DPSK signal will be generated as shown in figure 2.8 (Top-Right). Different duty cycle
ratios can be obtained for the RZ-DPSK signals depending on the driving conditions of the
pulse carver such as the modulation frequency, bias position, and driving voltage [59].

It is also noticed that the generated NRZ-DPSK signal shown in Figure 2.8 has a non-
constant optical intensity. This is due to the fact that the signal intensity returns to zero at
every transition between marks “1” and spaces “0”, which results in a residual amplitude
modulation. The width of the resulting intensity dips depends on the driving signal band-
width and voltage [59, 55]. However, since DPSK encodes information in the optical phase
rather than in the intensity, these dips are of reduced importance, especially for RZ-DPSK,
where the pulse carver cuts out the amplitude-modulation-free center portions of the bits
only, and thus largely eliminates any residual dips [15].
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Figure 2.8: 10 Gbit/s optical RZ-DPSK generation scheme using two MZMs with resulting
NRZ-DPSK (left) and 50% RZ-DPSK (right) eye diagrams.

2.3.2.3 DPSK Receiver

The most commonly used DPSK receiver is shown in figure 2.9 . It consists of an optical
pre-amplifier, an optical filter, a Mach-Zehnder interferometer with a 1-bit delay in one arm,
and a dual photodiode balanced receiver [71, 68, 59, 55, 15, 44]. The critical component of
the DPSK receiver is the one bit delay Mach-Zehnder delay-interferometer (MZDI) which
acts as the demodulator.

MZDI
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Pre-Amplifier

BPF

1-bit delay
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Data

Photodiode

Balanced receiver

DPSK
Signal

Figure 2.9: DPSK receiver

The one bit delay MZDI can be constructed using two 3dB 2× 2 couplers. One coupler
is used at the input and the other at the output [44]. The two optical branches connecting the
two couplers have unequal optical path lengths. The difference in the optical path lengths
correspond to one bit duration. If the input optical field to the MZDI shown in figure 2.9 is
E(t), the output optical fields at both the output arms of MZDI are E1(t) and E2(t) [44, 72]
as follows:

E1 (t) =
1

2
[E (t) + E (t− T )] (2.13)

E2 (t) = −j
1

2
[E (t)− E (t− T )] . (2.14)

The MZDI lets two adjacent bits interfere with each other at its output ports. This in-
terference leads to the presence of power at a MZDI output port when there is constructive
interference between two adjacent bits, or the absence of power when there is destructive
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interference between two adjacent bits. Therefore, the previous bit in a DPSK encoded bit
stream acts as the phase reference for demodulating the current bit [55, 15]. At the MZDI
outputs, the two output ports will carry identical, but logically inverted data streams under
DPSK modulation. The optically demodulated signal measured at the constructive port is
similar to Duobinary modulation, and at the destructive port is similar to alternate-mark
inversion (AMI) modulation signal [15, 73, 74, 59]. After the MZDI, direct detection can
be achieved by using a single photo-diode (single ended detection) to receive the signal by
detecting it at one of the interferometer output ports, or by using two photo receivers (bal-
anced detection) to receive the signal by detecting the difference between the constructive
and destructive interferometer output ports [56, 68]. For balanced detection the photocurrent
difference is proportional to the difference of the intensities at the two photodiode outputs:

|E1 (t)|2 − |E2 (t)|2 = Re (E∗ (t) E (t− T )) . (2.15)

Figure 2.10 shows the eye diagram patterns for a demodulated 10 Gbit/s NRZ-DPSK
and RZ-DPSK signal at the output of a DPSK receiver with balanced detection. The MZDI
used in the receiver had a differential delay of 100 ps. The two high speed photodiodes
used for balanced detection had approximately equal fiber length. An electrical RF variable
delay line was used to fine tune the path delay difference between the outputs of the two
photodiodes. An electrical differential amplifier was used to measure the current difference
between the two photodiodes.

a b 

Figure 2.10: Demodulated 10 Gbit/s NRZ-DPSK (a) and RZ-DPSK (b) intensity eye pat-
terns

2.3.3 Duobinary Modulation (DB)
Waveform distortion due to fiber chromatic dispersion in high-speed optical transmission
systems is a serious problem. Optical Duobinary modulation is an effective way to avoid
such distortion resulting in an increased dispersion tolerance compared to binary NRZ mod-
ulation format [75]. Duobinary modulation is also spectrally efficient due to the reduced
occupied spectral bandwidth which is about half the spectrum bandwidth of a conventional
binary NRZ intensity modulation (IM) [24, 25, 76]. The cost of an optical transmission link
over long-haul distances can be reduced by using Duobinary modulation due to the better
CD tolerance and therefore no need of dispersion compensation which adds to the total cost
[47, 77]. An optical Duobinary signal can be generated by modulating the optical carrier
signal with a three level electrical Duobinary signal. The most common type of optical
Duobinary modulation is the Amplitude Modulation Phase Shift Keying (AM-PSK) type
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[75]. Duobinary is interesting for Dense Wavelength Division Multiplexing (DWDM) ap-
plications, since it has been optimized to reduce the channel bandwidth [47]. It should also
be noted that Duobinary and DPSK have similarities. The DPSK demodulator which is a
Mach-Zehnder delay interferometer (MZDI) can be viewed as a narrow-band optical filter
with sinusoidal shape. If the MZDI is used at the transmitter side after the intensity Mach-
Zehnder modulator, the signal obtained at the output of the MZDI constructive port has most
of the features of a Duobinary signal [47]. A standard Duobinary transmitter and receiver
consist of a precoder, Duobinary encoder, and decoder. The corresponding practical optical
Duobinary transmission setup consists of the precoder logical circuit, a Duobinary filter as
an encoder, an electrical modulator driver amplifier used to amplify to electrical Duobinary
signal to drive the optical MZM, and a decoder to extract the data from the demodulated
optical Duobinary signal as shown in figure 2.11.

T T

+ |  |2
ak āk bk

0
1

0
1

bk-1

bk-1

0
1
2

ck dk

-1
0

+1

0
1

|dk|2

Precoder Encoder LPF + AC Coupling Decoder

Laser

Electrical
Binary NRZ 
Data Stream

MZM

Precoder
Amplifier

Fiber

Photodiode

Duobinary Filter

Electrical
Duobinary signal

Optical
Duobinary signal

Figure 2.11: Schematic diagram of a standard Duobinary generation and detection scheme
(top) and a corresponding practical optical Duobinary transmission setup (bottom)

A description for each block of the optical Duobinary setup will be given in the following
subsections:

2.3.3.1 Duobinary Precoder

The Duobinary encoder at the transmitter side scrambles the original binary data; there-
fore an electrical precoder is needed to be inserted before the encoder to recover the original
transmitted binary data at the receiver side using a conventional NRZ receiver. This precoder
normally is a differential encoder which is also used for a DPSK system [47]. The differ-
ential encoder (precoder) is used to avoid recursive decoding in the receiver thus avoiding
error propagation and reducing hardware complexity [76, 78, 75]. The precoder is basically
constructed using a logic XOR gate with a feedback tap with one bit delay. The precoding
function for Duobinary coding can be written as:

bk = āk ⊕ bk−1, (2.16)

where ak is the transmitted binary data sequence, bk is the precoded binary sequence,
and ⊕ is the logic instruction “XOR”. In a laboratory environment, most of the optical
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Duobinary transmission experiments are performed without a precoder. This is due to the
properties of the commonly used pseudo-random bit sequences (PRBS) where the precoder
output bit stream is in fact a time-delayed version of the input PRBS bit stream. Therefore,
the information is maintained and the functionality of the precoder can be omitted. Also
the transmitted PRBS pattern is inverted at the input of the precoder in order to receive a
non-inverted PRBS at the receiver [26, 76, 45].

2.3.3.2 Duobinary Encoder

To generate an optical Duobinary signal two common types of Duobinary encoding schemes
are well known, a low-pass filtering (LPF) method [24, 79, 80] and the conventional method
by using an electrical one-bit delay and add method [24, 25, 26]. The electrical LPF used to
generate a Duobinary signal usually has approximately a 3dB bandwidth equal to quarter of
the data bit rate. This LPF filter is equivalent to a one-bit delay-and-add operation similar
to the conventional scheme. The Duobinary encoder is mainly used to convert an electrical
binary NRZ signal to a three-level electrical Duobinary signal, producing the logic levels
{0, 1, 2} by adding the current bit to the previous bit [78] as shown in figure 2.11 based on
the following equation:

ck = bk + bk−1. (2.17)

The DC offset is removed from the electrical Duobinary signal ck using a DC-block ca-
pacitor resulting in the electrical Duobinary signal dk with the normalized levels {-1 , 0, +1}.
To generate an optical Duobinary signal in practice an intensity MZM biased at minimum
transmission is used and driven by an electrical Duobinary signal with the peak-to-peak
swing voltage (Vp−p) equal to 2Vπ. The generated electric fields are {−E , 0, +E} which
corresponds to the normalized intensities {0, 1} as shown in figure 2.12. Figure 2.12 shows
the optical Duobinary generation method using the conventional one bit delay-and-add en-
coding scheme. The eye diagrams shown in figure 2.12 are for a 10Gbit/s electrical binary
NRZ signal obtained from a PRBS pattern generator (bottom-left), the generated electrical
10Gbit/s Duobinary signal (bottom-right), and finally the resulting 10 Gbit/s optical Duobi-
nary signal detected using a photodiode (top-left).

The ON state corresponding to the normalized intensity “1” can have one of the two
optical phases, 0 and π depending on the input levels “-1” and “+1” of the electrical Duobi-
nary encoded signal, respectively. The OFF state corresponds to the intensity “0” and de-
pends on the input level “0” of the electrical Duobinary encoded signal [25]. Figure 2.13
shows another optical Duobinary modulation generation scheme based on driving an in-
tensity MZM biased at transmission minimum with an electrical Duobinary signal with a
voltage swing amplitude of 2Vπ generated using a 5th order Bessel LPF with a cutoff fre-
quency at 2.8 GHz. The measured eye diagrams shown in figure 2.13 are for an electrical
10Gbit/s binary NRZ signal (left) generated using a PRBS pattern generator, an electrical
Duobinary signal (bottom-right) generated using the Bessel filter, and finally the intensity
eye diagram of the generated 10 Gbit/s optical Duobinary signal (top-right). It can be no-
ticed that the intensity profile of the conventional delay-and-add type optical Duobinary
signal [24, 25, 26] shown in figure 2.12 (top-left) is more similar to that of a binary NRZ
signal, while the intensity diagram shown for optical Duobinary signal using the LPF gen-
eration method shown in figure 2.13 (top-right) [24, 79, 80] leaves a small fraction of light
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Figure 2.12: Principle of Duobinary modulation generation using a MZM and a Duobinary
encoder based on the conventional one bit delay and add filter

within “0” symbols, which incorporate π phase shifts in their center. Due to this property,
this type of Duobinary modulation has also been named Phase-Shaped Binary Transmis-
sion (PSBT) [47, 81, 82]. The optical Duobinary signal generated using the LPF method
suppresses the optical spectrum side-lobes better than the Duobinary one-bit delay and add
method. Therefore it tolerates more chromatic dispersion. A drawback of the LPF method
generated optical Duobinary signal is that it has worse eye opening, poor tolerance to noise,
and worse back-to-back receiver sensitivity compared to the one-bit-delay and add method
[24, 48, 83, 84, 82, 47].

The optical spectrum of a Duobinary signal has two special characteristics. One is
that most of the signal power is concentrated within a narrow bandwidth approximately
half of the binary NRZ-ASK IM signal spectrum. Such a narrow band signal can be ex-
pected to achieve high tolerance to chromatic dispersion [79]. The other is that the optical
Duobinary signal has no carrier frequency component in contrast with the binary NRZ-ASK
IM signal[26]. Figure 2.14 shows the resulting signal constellation diagram of the optical
Duobinary signal.

2.3.3.3 Duobinary Decoder

A simple decoder can be used to detect the received Duobinary signals by using a square-law
device which can be a photo-diode used for detecting binary intensity modulated signals [78,
26]. The photodiode will convert the received optical Duobinary signal dk with electrical
field levels {-E, 0, +E} to an electrical binary signal |dk|2 with normalized amplitudes {0,
1}. Due to the inverter and precoder used at the transmitter side the demodulated electrical
binary signal will be identical to the original transmitted binary data stream [26, 76, 45].
It is also possible invert the data at the receiver side instead of the transmitter side. Table
2.2 illustrates the different digital signals in a Duobinary system, for an input bit pattern ak
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Figure 2.14: Optical Duobinary signal constellation diagram
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= “01010011”. For differential encoding a reference bit is needed to initiate the encoding
process. This reference bit could arbitrarily be set to logic “1” or logic “0”. In table 2.2 the
reference bit bk at instant k = −1 was set to logic “0”. To prove the precoding, encoding,
and decoding functions are correct, it is shown in table 2.2 that the received data |dk|2is
identical to the original transmitted data ak.

Table 2.2: Transmitted and received bit stream “01010011” for Duobinary modulation
Time instant k -1 0 1 2 3 4 5 6 7

Transmitted data ak 0 1 0 1 0 0 1 1

Inverted Data āk 1 0 1 0 1 1 0 0

Diff. Encoded Data bk 0 1 1 0 0 1 0 0 0

Duobinary Encoded ck 1 2 1 0 1 1 0 0

Transmitted Duobinary dk 0 +1 0 -1 0 0 -1 -1

I/P voltage to MZM ±V π 0 +Vπ 0 −Vπ 0 0 −Vπ −Vπ

O/P Electrical Field ±E 0 −E 0 +E 0 0 +E +E

Optical Power (Intensity) 0 E2 0 E2 0 0 E2 E2

Received data |dk|2 0 1 0 1 0 0 1 1



Chapter 3

Differential Quadrature Phase Shift
Keying (DQPSK)

3.1 Introduction

In this chapter, the Differential Quadrature Phase Shift Keying (DQPSK) modulation format
will be introduced. DQPSK is a multilevel (quaternary) modulation format that can be used
for long haul optical communication systems. The following sections of this chapter will
cover the generation and detection scheme of DQPSK. Experimental data will be presented
for 20 Gbit/s DQPSK and 40 Gbit/s DQPSK PolDM transmission system showing the re-
ceiver sensitivity and eye diagrams. Also the CD tolerance for 20 Gbit/s RZ-DQPSK will
be evaluated.

3.2 Differential Quadrature Phase Shift Keying (DQPSK)

Differential quadrature phase-shift keying (DQPSK) is one of the interesting advanced mod-
ulation formats that has received intense study and is seen as an alternative modulation for-
mat for high bit rate long haul optical transmission systems [85, 69, 13, 70, 86, 87, 88].
DQPSK is a four-level (quaternary) phase modulation format and can be considered as an
extension of the DPSK modulation format introduced in the previous chapter. For DQPSK
two bits are transmitted for each symbol. Each transmitted symbol is mapped into four
(quaternary) possible phase change transitions. Since two bits are transmitted for each sym-
bol, the symbol rate is half of the bit rate which results in reduced spectral occupancy and
bandwidth requirements for the transmitter and receiver components. Another advantage of
DQPSK are the extended chromatic dispersion and PMD tolerances [15]. The high spectral
efficiency of DQPSK can be even doubled by using polarization multiplexing [44, 89]. For
DQPSK, the required OSNR to reach a given BER compared to DPSK measured at the same
bit rate, is increased by about 1-2 dB [90, 15, 91]. Combined with RZ coding its robustness
against non linear effects is increased because the intensity is not modulated by the data but
is rather modulated by a pulse carver [44]. The main components needed to build an optical
DQPSK (oDQPSK) system [13, 69, 92] are the digital precoder, optical encoder and the
optical decoder as shown in the schematic in figure 3.1.

A description for each block of the optical DQPSK system will be given in the following
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Figure 3.1: Schematic of an optical DQPSK transmission system

subsections:

3.2.1 DQPSK Precoder
Due to the differential nature of decoding in DQPSK, a precoding function is required to
provide a direct mapping of the data from the input to the output [13] taking care that the
received data streams are identical to the original transmitted data streams. The precoder
for the DQPSK transmitter can operate at a clock rate which is half of the total transmission
data rate. The precoder block shown in figure 3.1 has four inputs and two outputs. Two of
the four inputs are the input data streams (Uk and Vk) and the other two are the time delayed
version of the precoder outputs (Ik−1 and Qk−1). The two output precoded signals (Ik and
Qk) are used to drive the optical encoder resulting in the transmitted symbol (dk). Every
transmitted symbol is coded into one of four possible phase levels, representing one of the
four combinations of the two transmitted signals Ik and Qk. The input signals Uk and Vk

can be demultiplexed from a signal operating at the total transmitted bit rate, or can be two
independent data inputs at half the total transmitted bit rate. For the DQPSK encoder based
on the parallel MZM transmitter, the operation of the precoder is described by the following
set of logic equations [13, 93, 1]:

Ik = UkV kIk−1 + UkVkQk−1 + UkVkIk−1 + UkV kQk−1 (3.1)

Qk = UkV kQk−1 + UkVkIk−1 + UkVkQk−1 + UkV kIk−1. (3.2)

A more detailed explanation on how to derive the precoder equations is given in appendix
B. For DQPSK experimental test measurements, the precoding is normally not implemented
in hardware [45]. By transmitting a binary PRBS data stream and a time-shifted binary
PRBS data stream by using an optical DQPSK modulator, the expected received pattern at
the receiver side can be calculated by software means. These calculated patterns are then
used to program a programmable bit error detector (BER) with the corresponding expected
received patterns enabling BER measurements for the received data.

3.2.2 DQPSK Optical Encoder
A preferred and most widely used implementation of the optical encoder is the oDQPSK
modulator based on two parallel MZMs as shown figure 3.2 [13, 86].



3.2 Differential Quadrature Phase Shift Keying (DQPSK) 23

Laser

Modulator 

Input

Bias

o(D)QPSK Modulator

λ/4 Path

Length

Difference

I

Q

Modulator 

Output

Optical DQPSK signal

Electrical binary

NRZ data stream (I)

Electrical binary

NRZ data stream (Q)

Optical DPSK signal (I)

Optical DPSK signal (Q)

Figure 3.2: Schematic of an optical DQPSK modulator

The oDQPSK modulator consists of two parallel DPSK modulators that are integrated
together in order to achieve phase stability [15]. These two DPSK modulators are mainly
two Mach-Zehnder modulators (MZMs), placed in two arms of another interferometer that
forms a Mach-Zehnder superstructure. The superstructure has quadrature control electrodes
in both arms for phase control enabling an adjustment of the optical phase difference π

2
be-

tween the upper and lower arms. Each of the MZMs are biased for minimum transmission
and driven by a Binary NRZ data signal with peak-to-peak amplitude of 2Vπ. Two binary
NRZ data streams in-phase I and quadrature Q can be transmitted simultaneously. One bi-
nary NRZ data signal I with a full 2Vπvoltage swing generates in one MZM the in-phase
optical field Re(E) with normalized field amplitudes {-1, +1} which is similar to a differ-
ential phase shift keying (DPSK) signal. The other arm MZM is driven with another binary
NRZ data signal Q with also a full 2Vπ voltage swing therefore generating the quadrature
optical field component Im(E) with normalized field amplitudes {-1, +1}, which is also
similar to a DPSK signal. The DPSK signal generated in one arm is combined with a π

2

phase shifted version of the other DPSK signal in the other arm. Since the output field
of the oDQPSK modulator is Eo = Re(E) + jIm(E) , the generated fields at the output
are {±1 ± j} resulting in a four-level phase modulated signal with resulting phase values
within {π

4
, 3π

4
, 5π

4
, 7π

4
} and labeled { “00”, “10”, “11”, “01”} respectively. The mapping of

the input signals (Ik and Qk) to the output electric field (Eo) and generated phase state (φk)
of the optical (D)QPSK modulator is shown in table 3.1 . The modulation resulting signal
constellation diagram is shown in figure 3.3.
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Table 3.1: Mapping of the input signals (Ik and Qk) to the output electric field (Eo) and
generated phase state (φk) of the o(D)QPSK modulator

Ik Qk Eo φk

0 0 +1 + j π
4

0 1 +1− j 7π
4

1 0 −1 + j 3π
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Figure 3.3: DQPSK signal constellation diagram
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Figure 3.4 shows a generated 2×10 Gbit/s NRZ-DQPSK signal eye diagram generated
using the same DQPSK modulator given in figure 3.2. It can be noticed that the NRZ-
DQPSK signal contains residual intensity dips at the transition between two symbols. The
width of the intensity dips depends on the drive signal voltage and bandwidth [15]. The
strong intensity dip is a result of the optical power drop to zero when both I and Q change
value at the same time (e.g., ”00” ←→ ”11”). The smaller intensity dip is a result of
the optical power drop to half when either I or Q changes value (e.g., ”00” ←→ ”01” or
”00” ←→ ”10”) [45]. Since DQPSK modulation encodes the information in the optical
phase rather than in the amplitude, the intensity dip has negligible effect on the transmitted
data, especially for RZ-DQPSK signals where the pulse carver largely eliminates the resid-
ual dips [15]. The spectrum of the generated DQPSK signal is just as broad as for a single
DPSK modulation signal although the capacity is doubled [45].

Power drops to half when either I and Q change value Power drops to zero when both I and Q change value

P

P/2

0 

Re(E)

Im(E)

“00”“10”

“01”“11”

Im(E)

“00”“10”

“01”“11”

Re(E)

“00” “11”“00” “01”“00” “10”

Figure 3.4: NRZ-DQPSK signal eye diagram showing the intensity dips

With the use of a digital precoder before the optical encoder (DQPSK modulator) at the
transmitter side the original input data signals (Uk and Vk) corresponding to a transmitted
symbol (dk) will map to the phase changes (4φk) as shown in table 3.2 . The phase change
4φk corresponds to the phase difference between the current phase (φk) generated by (Ik

and Qk) driving the DQPSK modulator and the previous phase (φk−1) generated by (Ik−1

and Qk−1) driving the DQPSK modulator. It contains the transmitted information that can
be extracted at the receiver side by the DQPSK decoder which is used to demodulate the
received signal.

Table 3.2: Mapping of data signals (Uk and Vk) to transmitted symbol (dk), and correspond-
ing phase changes (4φk) for DQPSK modulation

Uk Vk dk 4φk

1 1 0 0

1 0 1 π
2

0 0 2 π

0 1 3 3π
2
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3.2.3 DQPSK Optical Decoder
The DQPSK signals can be decoded optically using an optical delay and add interferometer
structure. To simultaneously receive the two transmitted data streams, the decoder needs two
Mach-Zehnder delay interferometers (MZDI) and two balanced detectors which is similar
to using two DPSK demodulators as shown in figure 3.5 [13]. Both interferometers need a
1 bit delay in one of their arms. The differential optical phase between the interferometer
arms is to be set to +π/4 and−π/4 for the upper and lower branches respectively in order to
receive the two transmitted data streams [15]. If the input signal to the MZDI has the form
Eoe

−j(ωo+4φk), the output signals after balanced detection for each MZDI are proportional to
[cos (4φk) + sin (4φk)] and [cos (4φk)− sin (4φk)], respectively where4φk is the phase
difference between consecutive bits [13, 45, 44, 94]. The balanced detection used after each
interferometer provides a 3dB improvement in the receiver sensitivity [14].

1-bit delay
MZDI

Balanced
Receiver 1

Data
Stream 1

Data
Stream 2

Input 
Signal

(DQPSK)

1-bit delay
MZDI

Balanced
Receiver 2

-π/4 

+π/4

Figure 3.5: Schematic of an optical DQPSK decoder

The received phase modulated DQPSK signal is converted into an amplitude modulated
signal after demodulation. Figure 3.6 shows the eye diagram of a demodulated 2×10 Gbit/s
NRZ-DQPSK signal after balanced detection. Standard clock and data recovery circuits can
be used to extract the clock and data from the demodulated signal [44, 13, 45]. DQPSK
demodulators suffer from stability problems due to small temperature drift in the interfer-
ometer may cause a phase change between the two arms. Therefore, the interferometer
needs to be temperature stabilized [45].

Figure 3.6: Eye diagram of a demodulated data signal from an NRZ-DQPSK signal

Table 3.3 illustrates the different digitally precoded, optically encoded and optically
decoded DQPSK signals for two transmitted binary data streams Uk “01010011” and Vk
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“10011010” in the optical DQPSK system shown in figure 3.1. The precoder function is
based on the precoder equations 3.1 and 3.2. The optical encoder is based on the parallel
MZM oDQPSK modulator shown in figure 3.2. The decoder is based on the two MZDI and
two balanced receivers as shown in figure 3.5. For the precoder both the initial values of
Ik and Qk at time instant k = −1 were set to logic “0”. It can be seen that the received
data is identical to the transmitted data, therefore verifying that the precoding and decoding
functions are correct.

Table 3.3: Transmitted and received data bit streams Uk = “01010011” and Vk = “10011010”
for an optical DQPSK system

Time instant k -1 0 1 2 3 4 5 6 7

Binary data Uk 0 1 0 1 0 0 1 1

Binary data Vk 1 0 0 1 1 0 1 0

Precoded data Ik 0 0 0 1 1 1 0 0 0

Precoded data Qk 0 1 0 1 1 0 1 1 0

I/P voltage to MZM (I) -Vπ -Vπ -Vπ +Vπ +Vπ +Vπ -Vπ -Vπ -Vπ

I/P voltage to MZM (Q) -Vπ +Vπ -Vπ +Vπ +Vπ -Vπ +Vπ +Vπ -Vπ

O/P Electrical Field E0 +1+j +1-j +1+j -1-j -1-j -1+j +1-j +1-j +1+j

Transmitted phase φk
π
4

7π
4

π
4

5π
4

5π
4

3π
4

7π
4

7π
4

π
4

Phase difference4φ 3π
2

π
2

π 0 3π
2

π 0 π
2

Received data uk 0 1 0 1 0 0 1 1

Received data vk 1 0 0 1 1 0 1 0

3.3 DQPSK Transmission System at 2×10 Gbit/s
Figure 3.7 shows the details of an experimental DQPSK transmission setup used to generate
and detect 2×10 Gbit/s NRZ-, RZ-DQPSK signals. NRZ-DQPSK signals are generated
when the RZ modulator is bypassed. RZ-DQPSK signals can be generated by placing the RZ
modulator (pulse carver) before or after the DQPSK modulator. RZ coding is widely used
in optical communication systems due to its superior performance and improved receiver
sensitivity [45, 16]. RZ-DQPSK is known to have an approximately 2 dB advantage in the
OSNR over NRZ-DQPSK [45].

A 192.5 THz DFB laser was used at the transmitter. A fiber-pigtailed LiNbO3 oDQPSK
Modulator (from Photline) with a structure similar to that given in figure 3.2 was used to
generate the DQPSK signals. A pattern generator was used to generate a 10 Gbit/s Pseudo
Random Bit Sequence (PRBS) Binary NRZ data stream. The 10 Gbit/s NRZ data stream
was split and delayed by 31 bit durations to emulate two decorrelated patterns (I and Q).
Each MZM modulator in both arms of the oDQPSK modulator was biased at minimum
transmission and driven by the two 10 Gbit/s binary NRZ data stream patterns (I and Q)
with each signal having a 2Vπ signal peak-to-peak voltage amplitude corresponding to 10V
(Vπ ' 5V). No DQPSK precoder was implemented. The intensity eye diagram of the
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Figure 3.7: Experimental 2×10 Gbit/s DQPSK transmission setup

generated 2×10 Gbit/s NRZ-DQPSK signal is shown in figure 3.7 (top-left). The DQPSK
modulator was followed by a LiNbO3 Mach-Zehnder modulator. The latter was biased
at the quadrature point and driven by a 10 GHz clock signal with peak-to-peak voltage
amplitude of Vπ to generate 50% duty cycle Return-to-Zero (RZ) pulses, thereby completing
a 2×10 Gbit/s RZ-DQPSK signal. The intensity eye diagram of the generated 2×10 Gbit/s
RZ-DQPSK signal is shown in figure 3.7 (top-right).

The receiver employed an Erbium Doped Fiber Amplifier (EDFA) as an optical pream-
plifier followed by a 40-channel Dense Wavelength Division Multiplexing (DWDM) Arrayed-
Waveguide Grating (AWG) Demultiplexer (DEMUX) with 100 GHz channel spacing and
Gaussian top characteristics. The DEMUX acted as a narrow bandpass optical filter to
remove the broadband optical noise. After the DEMUX another EDFA operated in an auto-
matic power control (APC) mode was used to amplify the received signal to a level where
it can be detected with high sensitivity. The received signal was then split to the demodu-
lator and an optical front end based on a p-type intrinsic n-type (PIN) photodiode followed
by a Trans-Impedance Amplifier (PIN-TIA). This photo-receiver was used to stabilize a
feedback loop (not shown) that controlled the pump current of the last EDFA for automatic
power control (APC). The other part of the received RZ-DQPSK signal after the last BPF
was connected to the demodulator which was an integrated Planar Lightwave Circuit (PLC)
Mach-Zehnder interferometer (from NEL) with a 100 ps (1 bit) differential delay. The NEL
PLC MZDI was based on silica waveguide technology and was temperature stabilized using
a PI controller. By adjusting the differential optical phase between the interferometer arms
by controlling the differential micro-heaters of the MZDI, it was possible to select either of
the transmitted patterns I and Q. The demodulator outputs were connected to two optical
front ends (PIN-TIA) (from NORTEL) having a bandwidth (BW) of 11 GHz and photodi-
ode responsitivity (R) of 0.88 A/W. The outputs of the two optical front ends were then
subtracted by connecting them to a high sensitivity differential limiting amplifier iT3011
(from iTerra). The outputs of the differential amplifier were connected to an oscilloscope
for signal monitoring and a bit error rate (BER) detector for measuring the BER and re-
ceiver sensitivity. To allow BER measurements, the error detector was programmed with
the expected data sequence received at the output of the demodulator.
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Figure 3.8 shows the demodulated eye diagram measured at the output of the differential
amplifier for the I and Q channels extracted from a 2×10 Gbit/s NRZ-DQPSK signal gen-
erated with PRBS lengths of 27−1 and 215−1 for the top (PRBS-7) and bottom (PRBS-15)
eyes, respectively.

I (PRBS-7) Q

I (PRBS-15) Q

Figure 3.8: Eye diagrams of a demodulated data signal I and Q extracted from a 2×10 Gbit/s
NRZ-DQPSK signal generated using a Photline DQPSK modulator with PRBS lengths of
27 − 1 (PRBS-7) (top) and 215 − 1 (PRBS-15) bottom

The measured BER curves versus the received optical power measured at the input of
the optical preamplifier for both the received patterns I and Q are plotted in figure 3.9 for
a 2×10 NRZ-DQPSK signal generated with PRBS lengths of 27 − 1 (PRBS 7) and 215 − 1
(PRBS 15). Figure 3.10 shows the average BER of the received 2×10 NRZ-DQPSK data
streams I and Q versus the received optical power for both PRBS 7 and PRBS 15. From the
curve in figure 3.10 the measured receiver sensitivity for the 20 (2×10) Gbit/s NRZ-DQPSK
signal at a BER of 10−9 was ~-36.8 dBm and ~-36.4 dBm for both PRBS 7 and PRBS 15,
respectively.
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Figure 3.9: BER curves for the I and Q received data streams versus received optical power
for a 2×10 Gbit/s NRZ-DQPSK signal using a Photline oDQPSK Modulator with PRBS
lengths of 27 − 1 (PRBS 7) and 215 − 1 (PRBS 15)

-46 -45 -44 -43 -42 -41 -40 -39 -38 -37 -36 -35

10
-11

10
-9

10
-7

10
-5

10
-3

Received Optical Power [dBm]

A
v
e
ra
g
e
 B
E
R

PRBS 7
PRBS 15

Figure 3.10: Average BER versus received optical power for a 20 Gbit/s NRZ-DQPSK
signal using a Photline oDQPSK Modulator with PRBS lengths of 27 − 1 (PRBS 7) and
215 − 1 (PRBS 15)
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Figure 3.11 shows the demodulated eye diagram measured at the output of the differ-
ential amplifier for the I and Q channels extracted from a 2×10 Gbit/s RZ-DQPSK signal
generated with PRBS lengths of 27−1 and 215−1, for the top (PRBS-7) and bottom (PRBS-
15) eyes respectively.

I (PRBS-7) Q

I (PRBS-15) Q

Figure 3.11: Eye diagrams of a demodulated data signal I and Q extracted from a 2×10
Gbit/s RZ-DQPSK signal generated using a Photline DQPSK modulator with PRBS lengths
of 27 − 1 (PRBS-7) (top) and 215 − 1 (PRBS-15) bottom

The measured BER curves versus the received optical power measured at the input of
the optical preamplifier for both the received patterns I and Q are plotted in figure 3.12 for
a 2×10 Gbit/s RZ-DQPSK signal generated with PRBS lengths of 27 − 1 (PRBS 7) and
215 − 1 (PRBS 15). Figure 3.13 shows the average BER of the received 2×10 Gbit/s RZ-
DQPSK data streams I and Q versus the received optical power for both PRBS 7 and PRBS
15. From the curve in figure 3.13 the measured receiver sensitivity for the 20 (2×10) Gbit/s
RZ-DQPSK signal at a BER of 10−9 was ~-38.3 dBm and ~-37.3 dBm for both PRBS 7 and
PRBS 15, respectively. In [14] the receiver sensitivity for 2×10 Gbit/s RZ-DQPSK signal
with PRBS length of 29 − 1 was measured ~-34.3 dBm.

From our measurements RZ-DQPSK had an improved receiver sensitivity over NRZ-
DQPSK by about (1-1.5) dB. It has been reported that the receiver sensitivity would be
improved by 2-3 dB depending on the exact implementation, but for theoretically optimal
DQPSK signals the OSNR sensitivity difference between RZ and NRZ pulse shaping is
limited to about 1dB [95].
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Figure 3.12: BER curves for the I and Q received data streams versus received optical
power for a 2×10 Gbit/s RZ-DQPSK signal using a Photline oDQPSK Modulator with
PRBS lengths of 27 − 1 (PRBS 7) and 215 − 1 (PRBS 15)
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Figure 3.13: Average BER versus received optical power for a 20 Gbit/s RZ-DQPSK signal
using a Photline oDQPSK Modulator with PRBS lengths of 27 − 1 (PRBS 7) and 215 − 1
(PRBS 15)
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Figure 3.14 is the chromatic dispersion (CD) tolerance curve showing the required opti-
cal signal-to-noise ratio (OSNR) for a BER of 10−9 versus the residual chromatic dispersion.
A fiber-pigtailed Bookham GaAs/AlGaAs oDQPSK modulator was used to generate the
DQPSK signals in the RZ-DQPSK setup shown in figure 3.7. The measured CD tolerance
for the 20 Gbit/s RZ-DQPSK signal corresponding to a 1-dB OSNR penalty at a BER of
10−9 was measured to be ~360 ps/nm.
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Figure 3.14: OSNR needed for a BER of 10−9 versus CD for a 20 Gbit/s RZ-DQPSK signal

Figure 3.15 shows the intensity measurements versus time for a 2×10 Gbit/s RZ-DQPSK
signal measured before the MZDI Demodulator of figure 3.7 after different lengths of stan-
dard single mode fiber, corresponding to different values of chromatic dispersion.
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a b

c d

Figure 3.15: 20 Gbit/s RZ-DQPSK signal intensity measurements after transmission over
different lengths of SSMF corresponding to different values of CD, (a) Back-to-Back (0
ps/nm), (b) 21.3 km (~362 ps/nm), (c) 32.2 km (~547 ps/nm), and (d) 41.5 km (~706 ps/nm)

3.4 DQPSK PolDM Transmission System at 2×2×10 Gbits/s
Combining DQPSK modulation and Polarization division multiplex (PolDM) results in a
doubled transmission rate, improved spectral efficiency and chromatic dispersion tolerance
[89, 96, 44, 97, 98, 99, 100, 87]. Figure 3.16 shows an RZ-DQPSK PolDM setup operating
at 2×2×10 Gbit/s. At the transmitter a MZM biased at the quadrature point and driven with a
10 GHz clock signal was used to generate 50% RZ pulses. The optical signal is then split into
two polarizations (X and Y) through the polarization beam splitter (PBS), and each signal is
then modulated by a Photline DQPSK modulator driven by two 10 Gbit/s PRBS data streams
with 31 bit mutual delay resulting in the generation of an optical DQPSK signal similar to
that generated in section 3.3.2. The two resultant DQPSK signals having a mutual delay of
22 bit are then combined in orthogonal polarizations in a polarization beam combiner (PBC).
The resultant signal is a 2×2×10 Gbit/s RZ-DQPSK PolDM signal. If the RZ modulator is
removed or switched off, NRZ-DQPSK PolDM signal will be generated. Figure 3.17 shows
the intensity eye diagrams measured at the output of the DQPSK PolDM setup for 2×2×10
Gbit/s NRZ-DQPSK PolDM signals (left), and RZ-DQPSK PolDM signals (right).
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Figure 3.16: 2×2×10 Gbit/s RZ-DQPSK PolDM transmission setup

Figure 3.17: Eye diagrams of 2×2×10 Gbit/s NRZ-DQPSK PolDM signal (left), and RZ-
DQPSK PolDM signal (right)
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To extract the information from the received DQPSK PolDM signals a DQPSK receiver
similar to that in section 3.3 was used with a polarization controller and polarizer placed
before the last APC EDFA in order to select the received polarization as shown in figure
3.16. In a practical implementation, a PBS would be used instead of the Polarizer in order to
receive the signals in both polarizations simultaneously where each signal will be then con-
nected to a separate DQPSK receiver to extract the transmitted information. The measured
BER curves versus the received optical power measured at the input of the optical pream-
plifier for the received patterns I and Q in both polarizations X and Y for 2×2×10 Gbit/s
NRZ-DQPSK PolDM signal with PRBS 7 are plotted in figure 3.18. Figure 3.19 shows the
demodulated eye diagrams measured at the sensitivity limit for the I and Q channels in both
polarizations X and Y extracted from the 2×2×10 Gbit/s NRZ-DQPSK PolDM signal with
PRBS 7.
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Figure 3.18: BER curves for the I and Q received data streams in both polarizations X and
Y versus the received optical power for 2×2×10 Gbit/s NRZ-DQPSK PolDM signal with
PRBS 7

The measured BER curves versus the received optical power measured at the input of
the optical preamplifier for the received patterns I and Q in both polarizations X and Y for
2×2×10 Gbit/s NRZ-DQPSK PolDM signal with PRBS 15 are plotted in figure 3.20. Figure
3.21 shows the average BER of the received data streams I and Q in both polarizations
versus the received optical power for 2×2×10 Gbit/s NRZ-DQPSK PolDM signal with
PRBS 7 and PRBS 15. From the curve in figure 3.21 the measured receiver sensitivity for
the 2×2×10 Gbit/s NRZ-DQPSK PolDM signal at a BER of 10−9 for PRBS 7 and PRBS
15, was ~-33.8 dBm and ~-32.4 dBm, respectively.
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Figure 3.19: Eye diagram of the demodulated data signals I and Q for both polarizations X
and Y extracted from a 2×2×10 Gbit/s NRZ-DQPSK PolDM signal with PRBS 7
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Figure 3.20: BER curves for the I and Q received data streams in both polarizations X and
Y versus the received optical power for 2×2×10 Gbit/s NRZ-DQPSK PolDM signal with
PRBS 15
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Figure 3.21: Average BER versus received optical power for 2×2×10 Gbit/s NRZ-DQPSK
PolDM signal with PRBS 7 and PRBS 15

When the RZ modulator is used, the measured BER curves versus the received optical
power measured at the input of the optical preamplifier for the received patterns I and Q
in both polarizations X and Y for 2×2×10 Gbit/s RZ-DQPSK PolDM signal with PRBS 7
are plotted in figure 3.22. Figure 3.23 shows the demodulated eye diagrams measured at the
sensitivity limit for the I and Q channels in both polarizations X and Y extracted from the
2×2×10 Gbit/s NRZ-DQPSK PolDM signal with PRBS 7.

Figure 3.24 shows the average BER of the received data streams I and Q in both polar-
izations versus the received optical power for 2×2×10 Gbit/s RZ-DQPSK PolDM signal.
From the curve in figure 3.24 the measured receiver sensitivity for the 2×2×10 Gbit/s RZ-
DQPSK PolDM signal at a BER of 10−9 with PRBS 7 and PRBS 15 was ~-34.7 dBm and
~-34.3 dBm, respectively. In [87] the receiver sensitivity for 2×2×10 Gbit/s RZ-DQPSK
PolDM signal at a BER of 10−9 with PRBS 15 was measured ~-30.4 dBm.
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Figure 3.22: BER curves for the I and Q received data streams in both polarizations X and
Y versus the received optical power for 2×2×10 Gbit/s RZ-DQPSK PolDM signal with
PRBS 7
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Figure 3.23: Eye diagram of the demodulated data signals I and Q for both polarizations X
and Y extracted from a 2×2×10 Gbit/s RZ-DQPSK PolDM signal with PRBS 7
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Figure 3.24: Average BER versus received optical power for 2×2×10 Gbit/s RZ-DQPSK
PolDM signal with PRBS 7 and PRBS 15

Figure 3.25 shows a photo of the 2×2×10 Gbit/s DQPSK PolDM transmitter setup based
on two Photline DQPSK modulators and two polarization beam splitters (PBS). Figures
3.26 show the main components used to construct the experimental 2×2×10 Gbit/s DQPSK
PolDM receiver setup including the 2×10 Gbit/s DQPSK receiver. Figure 3.27 shows a
photo of the full 2×2×10 Gbit/s RZ-DQPSK PolDM transmission setup that was used to
perform the BER measurements.

Figure 3.25: 2×2×10 Gbit/s DQPSK PolDM transmitter setup photo
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Figure 3.26: 2×2×10 Gbit/s RZ-DQPSK Receiver

Figure 3.27: 2×2×10 Gbit/s RZ-DQPSK PolDM transmission setup photo
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Chapter 4

Quaternary Intensity Modulation

4.1 Introduction

This chapter will introduce several types of multilevel quaternary modulation formats used
for 2×10 (20 Gbit/s) optical communication systems. These multilevel modulation formats
are Conventional Quaternary Intensity Modulation (4-IM), Quaternary intensity modula-
tion based on combining two binary signals with unequal amplitudes in quadrature phases
(QASK), Quaternary intensity modulation based on combining two Duobinary signals with
unequal amplitudes in quadrature phases (QDB), and Quaternary intensity modulation based
on combining two duobinary signals with unequal amplitudes in orthogonal polarizations
(QPolDB). The generation and detection scheme for each modulation format will be ex-
plained in details with an evaluation of their performances based on experimental results
obtained from their implementation in a practical 20 Gbit/s optical transmission system. The
last section of this chapter will briefly cover other reported quaternary modulation formats
Quaternary Polarization ASK (QPolASK) and Quaternary Differential-Phase ASK Modu-
lation (DP-ASK).

4.2 Conventional Quaternary Intensity Modulation (4-IM)

An electrical binary ASK signal has an amplitude switching between two levels “0” and “1”,
while an electrical multilevel ASK signal (M-ary ASK) has an amplitude switching between
different levels where each level can represent two or more bits of information [101]. The
number of levels required for each transmitted symbol is M = 2n, where n is the number of
bits transmitted for each symbol. If the number of bits transmitted for each symbol is two
(n = 2), then an electrical 4-ary ASK signal (M=4) will result. This electrical 4-level ASK
signal can be used to drive an optical intensity modulator resulting in the generation of an
optical quaternary intensity modulation signal (4-IM) [10, 11, 8, 9, 12].

An advantage of using optical 4-IM signals is that it needs electrical and optical compo-
nents operating at half the bit rate when compared to a binary signal operating at the same
bit rate, which may reduce the cost of the required components of an optical transmission
system. Also a 4-IM signal has a narrower spectrum width than a binary signal (reduced
by a factor of 2), resulting in improved spectral efficiency which can be useful in a DWDM
transmission system [20].
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A disadvantage of using optical 4-IM signals is that it is has an eye closure penalty due
to the more closely spaced levels than binary modulation. This makes it more sensitive
to noise and distortion than a binary signal, therefore requiring larger optical power at the
receiver side [101, 10].

A conventional quaternary 4-IM signal generation and detection scheme used for a dig-
ital optical communication system will be explained in the following subsections.

4.2.1 Generation of Conventional 2×10 Gbit/s Quaternary 4-IM Sig-
nals

A conventional quaternary 4-IM signal is generated by modulating a laser carrier signal with
an electrical 4-level ASK signal (4-ASK) by directly modulating the laser current or using
an external intensity modulator. The electrical 4-ASK signal can be obtained by adding
two electrical binary signals with unequal amplitudes. In order to obtain an equally spaced
electrical 4-ASK signal, the amplitude of one of the original electrical Binary NRZ signals
(Data stream 1) is halved by using an electrical attenuator with 6 dB attenuation, then com-
bined with the second electrical Binary NRZ signal (Data stream 2) in an electrical power
combiner as shown in figure 4.1 (left). The eye diagrams shown in figure 4.1 are; Data
stream 1 (top-left) which is a 10 Gbit/s electrical binary NRZ-ASK signal, Data stream 2
(bottom) which is also a 10 Gbit/s electrical binary NRZ-ASK but with half the amplitude
of data stream 1, and finally the generated 10 Gbaud (2×10 Gbit/s) electrical 4-ary ASK
signal (top-right).

Electrical Binary

NRZ Data Stream (1)

Electrical Binary

NRZ Data Stream (2)
1/2

Combiner

3

2

1

0

Electrical 4-ary 

ASK signal

Figure 4.1: Electrical 4-ary ASK signal generation

The mapping between the input data and corresponding output levels for the 4-ary ASK
signal generated in figure 4.1 is shown in table 4.1.

In practice the original binary data streams should be gray encoded before generating
the quaternary signal. The gray encoder is useful because the most likely error to occur in
the received quaternary signal is between the adjacent levels of the received signal which
only differ by one binary digit, therefore the gray encoder would force only one bit error
when decision errors are made between adjacent levels [101, 65, 64]. Figure 4.2 shows a
common method to generate an optical quaternary intensity signal (4-IM) by driving an ex-
ternal intensity Mach-Zehnder modulator (MZM) biased at the quadrature point (half power
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Table 4.1: Mapping of input binary data to output levels of a 4-ary ASK signal
Data Stream 1 Data Stream 1 Output Level

0 0 0

0 1 1

1 0 2

1 1 3

point) with an electrical 4-ary signal having a Vπ peak-to-peak voltage amplitude [10, 20].
Since the intensity transfer function of a MZM modulator normally has a cos2(x) transfer
characteristics (See Appendix A), it is necessary to optimally adjust the amplitude ratio of
the two transmitted electrical binary data streams to obtain an equally spaced 4-level optical
quaternary intensity signal (4-IM) by adjusting the attenuator (b) shown in figure 4.2.

LaserBinary NRZ 

Data Stream 1

Binary NRZ

Data Stream 2

MZM

b

Combiner

Electrical

4-ary signal

4-level Optical Modulated Signal (4-IM)

3

2

1

0

Intensity

levels

Output Intensity

Input Voltage

Vπ

Figure 4.2: Principle of optical 4-IM generation using intensity MZM

The eye diagrams shown in figure 4.2 are for a 2×10 Gbit/s electrical 4-ary ASK signal
(bottom-right) and the resulting optical 2×10 Gbit/s quaternary intensity modulation signal
(4-IM) (top-left). The 4-IM signal constellation diagram is shown in figure 4.3. The optical
field E has four different constellation points with normalized field amplitudes {0, 1,

√
2,√

3}, which results into four different intensity levels {“0”, “1”, “2”, “3”}.

4.2.2 Quaternary 4-IM Signal Detection

Figure 4.4 shows a schematic of a four level 4-IM receiver [10]. A single photodiode (di-
rect detection) is used at the receiver to convert the optical quaternary intensity modulated
signal (4-IM) to a 4-ary electrical signal. The received quaternary signal contains three eye
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Re(E)

Im(E)

2 310

Figure 4.3: Optical 4-IM signal constellation diagram

openings corresponding to three different patterns {Q1, Q2, Q3} representing the bottom,
middle, and top eyes respectively. These three patterns are separated at the receiver by three
decision circuits (D flip-flops). Suitable decoding is then needed to recover the two original
transmitted data streams from the three detected patterns [101, 10, 6]. The decoding logic
functions used to extract Data stream 1 and Data stream 2 are:

DataStream 1 = Q2 (4.1)

DataStream 2 = Q3 + Q1Q2. (4.2)

The schematic of the decoding logic circuit is also shown in the figure 4.4. A more detailed
explanation showing how to derive the receiver logic equations and decoder circuit is given
in appendix B.
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Figure 4.4: Schematic of a 4-IM receiver with decoding logic diagram

4.2.3 Experimental Transmission System for 2×10 Gbit/s Quaternary
Modulation

Figure 4.5 shows the details of an experimental transmission setup used to generate and
detect a 2×10 Gbit/s quaternary 4-IM signal. The transmitter (Tx) used in the figure is
based on the conventional 4-IM generation scheme shown in figure 4.2. A 193.5 THz DFB
laser was used. A pattern generator was used to generate a 10 Gbit/s pseudo random bit
sequence (PRBS) binary NRZ data stream with a PRBS data length of 27 − 1. The 10
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Gbit/s binary NRZ data stream was split and delayed by 31 bit durations to emulate two
decorrelated patterns (Data stream 1 and Data stream 2). Both data streams were amplified
using 10 GHz optical modulator drivers from JDS-UNIPHASE. The amplitude of one of
the electrical binary NRZ signals (Data stream 1) was attenuated and then combined with
the second electrical binary NRZ signal (Data stream 2) in an electrical power combiner,
therefore generating a 4-ary electrical signal with a peak-to-peak voltage amplitude of Vπ.
No Gray encoding was implemented. The electrical 4-ary signal was used to drive a fiber-
pigtailed LiNbO3 Mach-Zehnder intensity modulator (MZM) biased at the quadrature point
(half power point) to generate an optical quaternary intensity signal. Figure 4.2 (top-left)
shows the 4-level eye diagram of the generated optical quaternary intensity modulated sig-
nal, detected at the modulator output at 10 Gbaud (20 Gbit/s). The generated 2×10 Gbit/s
4-IM signal spectrum contains a carrier and is just as broad as for a single binary 10 Gbit/s
NRZ-ASK modulation signal although the capacity is doubled.

The receiver employed in figure 4.5 is similar to that for receiving DQPSK signals in
figure 3.7, but without the MZDI and balanced receiver. Also the error detector was pro-
grammed, using different thresholds, to receive all the three patterns, corresponding to the
top, middle, and bottom eye diagram. Proper BER averaging is performed to represent the
mean BER of the received patterns.

10 Gb/s Binary 

NRZ Data stream 1

10 Gb/s Binary 

NRZ Data stream 2

193.5 THz

VOA

EDFA

Preamplifier

BER 

AWG DEMUX 

EDFA

Electrical

Amplifier
PIN-TIA

Tx

Fiber

EDFA

APC

DFB

Figure 4.5: 20 Gbit/s Quaternary intensity modulation transmission setup

The BER of the three received eye patterns (top, middle, and bottom) versus the received
power measured at the optical preamplifier input is shown in figure 4.6.

The average BER versus the received power measured at the optical preamplifier input
is shown in figure 4.7. The measured receiver sensitivity for the 2×10 Gbit/s 4-IM signal
with a PRBS length of 27 − 1 at a BER of 10−9 is ~-13 dBm.
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Figure 4.6: BER curves versus received optical power for the three received eyes (top,
middle, and bottom) for a 20 Gbit/s (4-IM) signal
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Figure 4.7: Average BER versus received optical power for a 20 Gbit/s (4-IM) signal
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4.3 Quaternary Amplitude Shift Keying (QASK)

In the conventional quaternary intensity modulation (4-IM) generation scheme explained in
the previous section, an optical 4-IM signal was generated by modulating a continuous light-
wave carrier signal with an electrical 4-ary ASK signal that was obtained by combining an
electrical binary signal with another one with reduced amplitude in an electrical RF power
combiner. Such configuration results into transforming any amplitude distortion in the orig-
inal electrical binary signals into significant distortion in the optical 4-IM signal [20]. This
amplitude distortion can result in receiver sensitivity degradation. It is possible to suppress
the amplitude distortion by using a different generation scheme by optically combining one
binary signal and another intensity-halved binary signal in two quadrature phases generating
an optical quaternary ASK signal (QASK) [20, 28, 6, 21]. This generation scheme has been
proposed in [20] to generate a 2×5 Gbit/s QASK signal by using two parallel MZM modu-
lators, an optical phase control section, and an optical intensity control section all integrated
on lithium niobate (LiNbO3) substrate. In the following subsections a 2×10 Gbit/s QASK
signal has been generated with a similar method, but by using an integrated GaAs/AlGaAs
Optical QPSK modulator based on two parallel MZM modulators, and an optical phase
control section, without using any optical intensity control section. The optical QPSK mod-
ulator was driven by two 10 Gbit/s binary NRZ data streams with unequal amplitudes, to
generate an optical 4-constellation-point 20 Gbit/s quaternary intensity signal (QASK). The
receiver sensitivity for the proposed QASK signal generated at 2×5 Gbit/s [20] and 2×10
Gbit/s [6, 21] was found to be improved when compared to a the conventional 4-IM signal
at the same bit rate. The generation scheme, receiver sensitivity and CD tolerance of a 20
Gbit/s QASK modulation format will be discussed in the following subsections.

4.3.1 Generation and Detection of 2×10 Gbit/s QASK Signals

The optical QPSK modulator shown in figure 4.8 contains two Mach-Zehnder modulators
(MZMs), placed in the two arms of another interferometer that forms a Mach-Zehnder super-
structure. The superstructure has quadrature control electrodes in both arms for phase trim-
ming. Throughout the experiments in this section and in the next section, a fiber-pigtailed
Bookham GaAs/AlGaAs o(D)QPSK modulator [92, 13] was used.

The two MZMs are driven by two electrical 10 Gbit/s binary NRZ-ASK signals. The
drive amplitude of the NRZ-ASK signal in one of the MZMs equals Vπ. This generates an
in-phase optical field Re(E) with normalized field amplitudes {0, +1}. The other MZM
is driven by another binary NRZ-ASK signal with voltage amplitude of Vπ/2. This results
into the generation of a quadrature optical field Im(E) with normalized field amplitudes
{0, +a}. The total output electric field is Eo = Re(E) + jIm(E) with the generated
fields are {0, +ja, +1, and +1 + ja} corresponding to four different constellation points as
shown in figure 4.9. The four constellation points results into four different intensities {0,
a2, 1, 1+a2}. For a = 1/

√
2, corresponding to 6 dB of electrical attenuation (b = 1/2), the

intensities are equidistant and are now labeled as “0”, “1”, “2”, “3” as shown in figure 4.9
(bottom-right). To receive the original transmitted patterns from the QASK signal, decoding
is needed identical to that of the 4-IM decoder shown in figure 4.4.
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Figure 4.8: Optical QASK (2×10 Gbit/s) generation in an optical QPSK modulator, and
resulting quaternary intensity eye diagram (bottom) with electrical attenuator setting (b =
1/2)
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4.3.2 Experimental Results Measured for 2×10 Gbit/s QASK
The experimental transmission setup used to generate and detect a 2×10 Gbit/s quaternary
QASK signal was similar to the setup used for generating and detecting the 4-IM signal
shown in figure 4.5 in the previous section. The transmitter used in the setup is the same
given in figure 4.8. The 10 Gbaud (2×10 Gbit/s) QASK signal represents a 4-IM and its
spectrum is just as broad as for a single binary 10 Gbit/s NRZ-ASK modulation signal
although the capacity is doubled. Figure 4.10 shows the heterodyned electrical spectrum of
the 10 Gbaud optical QASK signal. There exists a carrier component in the spectrum which
is identical to that of a 4-IM signal.
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Figure 4.10: Heterodyned electrical spectrum for a 2×10 Gbit/s QASK signal

Figure 4.11, shows the BER curves for the three received eyes (top, middle, and bottom)
of the 2×10 Gbit/s QASK signal.

The average BER versus the received optical power measured at the optical preamplifier
input is shown in figure 4.12. The measured receiver sensitivity for the 2×10 Gbit/s QASK
signal with a PRBS 27 − 1 at a BER of 10−9 is ~-21.6 dBm.

The chromatic dispersion (CD) tolerance was measured for the generated 20 Gbit/s
QASK signal. Figure 4.13 shows the OSNR after the optical preamplifier needed for a BER
of 10−9 versus CD. An optical attenuator was used to vary the OSNR. The 1-dB tolerance
at a BER of 10−9 was found to be ~130 ps/nm for 20 Gbit/s QASK.

Figure 4.14 shows the intensity eye diagrams of a 20 Gbit/s QASK signal at the sensi-
tivity edge after transmission over 0, 5.34, 10.9, and 16.24 km of SSMF.
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Figure 4.11: BER curves versus received optical power for the three received eyes (top,
middle, and bottom) for a 20 Gbit/s QASK signal
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Figure 4.12: Average BER versus received optical power for a 20 Gbit/s QASK signal
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Figure 4.13: OSNR needed for a BER of 10−9 versus CD for a 20 Gbit/s QASK signal
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Figure 4.14: Intensity eye diagrams of a 20 Gbit/s QASK signal measured at the sensitivity
edge after transmission over different length of SSMF, (a) (Back-to-Back) 0 km (0 ps/nm),
(b) 5.34 km (~90.78 ps/nm), (c) 10.9 km (~185 ps/nm), (d) 16.24 km (~276 ps/nm)
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4.4 Quaternary Duobinary Modulation (QDB)
In the previous section on QASK we used an optical QPSK modulator, driven by two binary
10 Gbit/s NRZ data streams with unequal amplitudes, to generate an optical 4-constellation-
point 20 Gbit/s quaternary amplitude shift keying (QASK) signal, which has an identical
spectral bandwidth of a 4-IM signal. It is possible to further increase the spectral efficiency
by replacing the binary data streams by duobinary data streams in order to generate an opti-
cal 9-constellation-point 20 Gbit/s quaternary duobinary (QDB) signal [28, 27, 6, 21]. This
QDB signal has a spectral bandwidth which is about half of that for 4-IM and QASK. The
generation scheme, receiver sensitivity and CD tolerance of the proposed QDB modulation
format at 20 Gbit/s will be discussed in the following subsections.

4.4.1 Generation and Detection of 2×10 Gbit/s QDB signals
The same QASK generation scheme shown in figure 4.8 was used after replacing the bi-
nary data streams with duobinary data streams as shown in figure 4.15. Both MZMs were
biased at minimum transmission. Since differential encoding was not available, two mutu-
ally delayed PRBS 10 Gbit/s binary NRZ electrical signals were lowpass-filtered (LPF) to
generate the duobinary signals. The lowpass filters were constructed using open stubs with
single-path delays of 50 ps. Each stub filter (LPF) responds to an impulse by two impulses
of equal height and 100 ps mutual delay, thereby forming an idealized duobinary one-bit-
delay and add filter [25, 24]. The simulated frequency response of the LPF stub used in this
experiment had a ~ 35dB dip at the frequency 5 GHz. The frequency response of this stub
filter (stub-5) and a comparison with the frequency response of a duobinary Bessel LPF is
given in appendix D.
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Figure 4.15: Principle of optical QDB modulation generation using duobinary low pass
filtering (LPF) and a QPSK modulator (electrical attenuator setting b = 1/2). The resulting
quaternary intensity eye diagram (bottom) and the electrical duobinary eye diagram (top)
are also shown.
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A duobinary signal with a full 2V π voltage swing generates in one MZM the in-phase
optical field Re(E) with normalized field amplitudes {-1, 0, +1}. The other arm MZM
is driven with a duobinary signal with a V π voltage swing and generates the quadrature
component Im(E) with normalized field amplitudes {−a, 0, +a}. The total output field
is Eo = Re(E) + jIm(E). The generated QDB signal constellation diagram is shown in
figure 4.16 (top-right). The generated fields are {0, ±ja, ±1, ±1 ± ja}, corresponding
to 9-constellation points and are mapped into four different intensities {0, a2, 1, 1 + a2}.
Illustrating the case a = 1/

√
2 (b = 1/2), the intensities are again labeled “0”, “1”, “2”, “3”

corresponding to the 4 levels of the generated 10 Gbaud (20 Gbit/s) QDB signal as shown in
figure 4.16 (bottom-right). Not only differential encoding is needed at the transmitter side,
but also 4-IM decoding at the receiver side.
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Figure 4.16: QDB electrical field signal constellation diagram (top-right) generated using
a QPSK modulator driven by duobinary signals with unequal amplitudes. The resulting
intensity eye diagram (bottom-right) shows the 4 intensity levels (a = 1/

√
2 ).

4.4.2 Experimental Results Measured for 2×10 Gbit/s QDB

The experimental transmission setup used to generate and detect the 2×10 Gbit/s quaternary
QDB signal is similar to that used for 4-IM and QASK signals as shown in figure 4.5. The
transmitter used in the setup is the QDB transmitter given in figure 4.15. The spectrum
of the generated 10 Gbaud (2×10 Gbit/s) QDB signal is just as broad as a single 10 Gbit/s
duobinary modulation signal although the capacity is doubled. Its spectral bandwidth is also
equivalent to half of that for 2×10 Gbit/s 4-IM and QASK signals. Figure 4.17 shows the
heterodyned electrical spectrum of the 10 Gbaud optical QDB signal. There exists no carrier
in the spectrum which is the case for duobinary modulation.

Figure 4.18, shows the BER curves for the three received eyes (top, middle, and bottom)
of the 2×10 Gbit/s QDB signal. The average BER curve versus the received optical power
measured at the input of the receiver optical preamplifier is shown in figure 4.19. The
measured receiver sensitivity for 20 Gbit/s QDB with a PRBS 27 − 1 at a BER of 10−9 is
~-21.2 dBm.
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Figure 4.17: Heterodyned electrical spectrum of the 20 Gbit/s QDB signal
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Figure 4.18: BER curves versus received optical power for the three received eyes (top,
middle, and bottom) for a 20 Gbit/s QDB signal
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Figure 4.19: Average BER versus received optical power for a 20 Gbit/s QDB signal

The chromatic dispersion (CD) tolerance was measured for the generated 20 Gbit/s QDB
signal. Figure 4.20 shows the OSNR after the optical preamplifier needed for a BER of
10−9 versus CD. An optical attenuator was used to vary the OSNR. The 1-dB tolerance at a
BER of 10−9 was found to be ~140 ps/nm for 20 Gbit/s QDB. Although 20 Gbit/s QDB can
tolerate CD up to ~140 ps/nm at the expense of an OSNR penalty of 1 dB, it can also tolerate
up to ~250 ps/nm for an OSNR penalty of 1.8 dB, while 20 Gbit/s QASK can tolerate CD
up to ~130 ps/nm at the expense of an OSNR penalty of 1 dB, it can only tolerate up to ~250
ps/nm at the expense of an OSNR penalty of 5.8 dB. Therefore QDB signals can tolerate
more CD than QASK.

Figure 4.21 shows a photo of the 2×10 Gbit/s QDB transmitter setup using an optical
QPSK modulator (Bookham), duobinary stub LPFs, and electrical modulator drivers (JDS
Uniphase).
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Figure 4.20: OSNR needed for a BER of 10−9 versus CD for a 20 Gbit/s QDB signal

 

Figure 4.21: Photo of the 2×10 Gbit/s QDB transmitter based on the Bookham QPSK
modulator
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4.5 Quaternary Polarization Duobinary Modulation (QPolDB)
In the previous section the spectral efficiency for 20 Gbit/s quaternary intensity modula-
tion was improved by generating a 9-constellation point quaternary duobinary signal (QDB)
based on combining two 10 Gbit/s duobinary signals with unequal amplitudes in quadra-
ture phases using a QPSK modulator [27, 6, 21]. It is possible to generate a similar 9-
constellation point quaternary signal by combining two duobinary signals with unequal
amplitudes in orthogonal polarizations instead of quadrature phases by using a polariza-
tion division multiplex setup (PolDM). This 9-constellation point quaternary polarization
duobinary signal (QPolDB) [6, 29, 7] does not require that the two duobinary combined
in orthogonal polarizations must have quadrature phases. A generated 20 Gbit/s QPolDB
modulation signal has high spectral efficiency similar to QDB signals and has better CD tol-
erance compared to standard NRZ-ASK binary modulation, RZ-DQPSK, 4-IM, QASK, and
QDB signals all operating at the same bit rate (20 Gbit/s). The generation scheme, receiver
sensitivity and CD tolerance of the proposed QPolDB modulation format at 20 Gbit/s will
be discussed in the following subsections.

4.5.1 Generation and Detection of 2×10 Gbit/s QPolDB Signals
The schematic of the transmitter used to generate QPolDB signals is shown in figure 4.22.
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Figure 4.22: Schematic of the optical QPolDB signal generation scheme (a = 1/
√

2)

The laser signal is split into two branches where each branch consists of two Mach-
Zehnder modulators biased at minimum transmission and driven by 10 Gbit/s electrical
duobinary signals having peak-to-peak voltage amplitude of 2Vπ. In one of the branches the
generated optical duobinary signal carries an electric field Ex with normalized amplitudes
of {-1, 0, +1}. The optical duobinary signal in the other branch is optically attenuated by
3 dB (a = 1/

√
2) resulting in an electric field Ey with normalized electric field amplitudes

of {−a, 0, +a}. The two resultant duobinary optical signals Ex and Ey carried in the two
branches are then combined with orthogonal polarizations using a polarization beam splitter
(PBS). Due to the uncertain phase relationship of the two polarizations, the Jones vector

of this QPolDB signal is E =

 Ex

ejφEy

, where φ is the unknown and unimportant phase

difference. The QPolDB 9-point signal constellation diagram is shown in figure 4.23. The
resulting intensities are {0, a2, 1, 1+a2} which corresponds to the symbols “0”, “1”, “2”, “3”
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respectively. To receive the transmitted data at the receiver, not only differential encoding is
needed at the transmitter side, but also 4-IM decoding at the receiver side.
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Figure 4.23: QPolDB electrical field signal constellation diagram (top-right) generated using
a polarization division multiplex setup (left) with duobinary signals (a = 1/

√
2)

4.5.2 Experimental Results Measured for 2×10 Gbit/s QPolDB
The experimental setup used to generate and detect a 10 Gbaud (2×10 Gbit/s) QPolDB sig-
nal is shown in figure 4.24. For simplicity, only one optical duobinary signal was generated
by passing a 10 Gbit/s binary data stream through a duobinary stub LPF having a frequency
response dip at 5 GHz (Stub-5), similar to that used for QDB generation. The differential
encoding was neither implemented nor needed because a 27 − 1 PRBS data stream was
used. The generated electrical duobinary signal had a 2Vπ peak-to-peak voltage swing and
was used to drive a MZM biased at minimum transmission. At the output of the modula-
tor an optical duobinary signal (Duobinary-5) was generated with an intensity eye diagram
shown in figure 4.24 (top-left). Another duobinary stub LPF, producing impulses spaced
by 83 ps and having a frequency response dip at 6 GHz, was used instead of the previous
stub filter which resulted in the generation of the optical duobinary signal (Duobinary-6)
with the intensity eye diagram shown in figure 4.24 (top-right). The frequency response
of this filter (Stub-6) and a comparison with the frequency response of a duobinary Bessel
LPF is given in appendix D. The generated optical duobinary signal is passed through an
optical amplifier, polarization controller, and a polarizer. The output signal of the polarizer
is split by a coupler into two branches. One of the branches, carrying the duobinary signal
in the x-polarization Ex, delayed the signal by 31 symbol periods in an additional certain
length of standard single mode fiber (SSMF) to decorrelate the two PRBS patterns. The
signal in the orthogonal y-polarization Ey in the other branch was optically attenuated by 3
dB (a = 1/

√
2). The two electric fields Ex and Ey are orthogonally recombined in a sub-

sequent PBS resulting in a 4-level quaternary polarization duobinary signal QPolDB. The
3 dB attenuation in the Ey branch was used to obtain equal eye openings in the intensity
domain for the QPolDB signal.



4.5 Quaternary Polarization Duobinary Modulation (QPolDB) 61

MZM

a

DFB 
Laser

QPolDB

Differential 
Encoding

LPF10 Gbit/s Binary
PRBS Data Stream

Polarizer
Polarization
Controller

31 bit delay

PBS

193.5 THz

VOA

EDFA

(Pre-Amp.)

BER

AWG 

DEMUX

(BPF) 

EDFA

Electrical

Amplifier

PIN-TIA

Fiber
EDFA

(APC)

QPolDB-5 QPolDB-6

Duobinary-5 Duobinary-6

EDFA

Figure 4.24: Schematic of the transmission setup used to generate and detect 2×10 Gbit/s
QPolDB signals

The eye diagrams of the QPolDB signal generated using the two stub filters are shown
in figure 4.24 (bottom). The extension -5 or -6 of the modulation format acronym QPolDB
denotes the dip frequency of the respective stub filter in GHz. Later it will be seen that
the QPolDB-5 signals yield better sensitivity but worse CD tolerance than the QPolDB-6
signals. Similar experience with differently shaped duobinary signals has been reported in
[102, 24, 83, 82]. Figure 4.25 shows the heterodyned electrical spectrum of the QPolDB-6
signal. There is no carrier, and the bandwidth is equivalent to that of a single Duobinary-6
signal. The spectrum of the QPolDB-5 signal looks the same and has the same bandwidth
as the heterodyned QDB spectrum shown in figure 4.17.

Similar to the experimental setup used in the previous sections the receiver employed an
optical preamplifier followed by a 100 GHzspaced, 40-channel, C-band dense wavelength
division multiplexed (DWDM) demultiplexer (DeMux). This DeMux is of the Gaussian
type and acts as a narrow bandpass optical filter. A variable optical attenuator (VOA) fol-
lowed by a polarization controller placed before the optical preamplifier is used to vary the
optical signal to noise ratio (OSNR) for sensitivity and CD tolerance measurements. The
polarization controller was used to compensate the polarization dependent loss (PDL) of
the optical preamplifier. For an automatic power control (APC), the detected photocurrent
of an optical front end, a PIN photodiode integrated with a transimpedance amplifier (PIN-
TIA), is stabilized by a feedback loop (not shown) that controls the pump current of the last
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Figure 4.25: Heterodyned electrical spectrum of the 20 Gbit/s QPolDB-6 signal

erbium-doped fiber amplifier (EDFA). An electrical amplifier is used to amplify the received
signal before it feeds an oscilloscope or a BER detector. The error detector was programmed
with three different expected patterns corresponding to the top, middle, and bottom eye di-
agrams. To detect these patterns, different decision threshold settings of the error detector
are used. Proper bit-error-rate (BER) averaging is performed to represent the mean BER
of the received patterns. Figure 4.26 and figure 4.27, show the BER curves for the three
received eyes (top, middle, and bottom) of the 20 Gbit/s QPolDB signals using LPF stubs
with 5−GHz dip (QPolDB-5), and 6−GHz dip (QPolDB-6) respectively.
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Figure 4.26: BER curves versus received optical power for the three received eyes (top,
middle, and bottom) for a 20 Gbit/s QPolDB-5 signal
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Figure 4.27: BER curves for the three received eyes (top, middle, and bottom) for a 20
Gbit/s QPolDB-6 signal

The average BER curves versus the received optical power measured at the optical
preamplifier input for 20 Gbit/s QPolDB-5 and QPolDB-6 signals with PRBS length of
27 − 1 are shown in figure 4.28. The measured receiver sensitivity using a PRBS length of
27 − 1 at an average BER of 10−9 for the 20 Gbit/s QPolDB-5 and QPolDB-6 signals are
~-20.5 dBm, and ~-18.4 dBm, respectively.
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Figure 4.28: Average BER versus received optical power for 20 Gbit/s QPolDB-5 and
QPolDB-6 signals

Figure 4.29 shows the average BER versus the received optical power measured at the
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optical preamplifier input for 20 Gbit/s QPolDB-6 signal with PRBS length of 27−1 (PRBS
7), 210 − 1 (PRBS 10) , and 215 − 1 (PRBS 15). The measured receiver sensitivity at an
average BER of 10−9 for the 20 Gbit/s QPolDB-6 signal with PRBS lengths of 210 − 1
(PRBS 10) and 215 − 1 (PRBS 15) are ~-18 dBm, and ~-13 dBm, respectively.
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Figure 4.29: Average BER versus received optical power for 20 Gbit/s QPolDB-6 signal
with PRBS 7, 10 and 15
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The chromatic dispersion (CD) tolerance was measured for the generated 20 Gbit/s
QPolDB signals (QPolDB-5 and QPolDB-6). Figure 4.30 shows the measured OSNR after
the optical preamplifier needed for a BER of 10−9 versus CD for both 20 Gbit/s QPolDB-5
and QPolDB-6 signals. An optical attenuator was used to vary the OSNR. The 1-dB tol-
erances at a BER of 10−9 are ~340ps/nm and ~530ps/nm, for QPolDB-5 and QPolDB-6,
respectively.
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Figure 4.30: OSNR needed for a BER of 10−9 versus CD in ps/nm for 20 Gbit/s QPolDB-5
and QPolDB-6 signals

Figure 4.31 and figure 4.32 show the intensity eye diagrams at the sensitivity edge (BER
=10−9) for 20 Gbit/s QPolDB-5 and QPolDB-6 signals respectively after transmission over
different lengths of SSMF (D ~ 17 ps/nm.km). It can be seen that by increasing the fiber
length the chromatic dispersion increases and the quality of the QPolDB signal degrades.
Since QPolDB-6 has better CD tolerance than QPolDB-5 it was possible to measure the
intensity eye diagram at the sensitivity limit for the QPolDB-6 signal after transmission
over 41.54 km of SSMF (~706ps/nm) as shown in figure 4.31 (f).

Figure 4.33 shows a photo of the polarization division multiplex (PolDM) setup used to
generate the 20 Gbit/s QPolDB signals. It consists of 3 polarization controllers, a polarizer,
a 3dB coupler, 2 optical attenuators, and a polarization beam splitter (PBS).
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Figure 4.31: Intensity eye diagrams of the 20 Gbit/s QPolDB-5 signal measured at the
sensitivity edge after transmission over (a) 0 km (back-to-back), (b) 10.9 km, (c) 16.24 km,
(d) 26.65 km, and (e) 37.55 km of SSMF
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Figure 4.32: Intensity eye diagrams of the 20 Gbit/s QPolDB-6 signal measured at the
sensitivity edge after transmission over (a) 0 km (back-to-back), (b) 10.9 km, (c) 16.24 km,
(d) 26.65 km, (e) 37.55 km, and (f) 41.54 km of SSMF

Figure 4.33: Photo of the PolDM transmitter setup used to generate the QPolDB signals
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4.6 Other Quaternary Multilevel Modulation Formats
In addition to the quaternary modulation formats covered in the previous sections, there exist
also other quaternary multilevel formats that use various combinations of phase- polarization-
and amplitude-shift keying to achieve high spectral efficiency [19, 103, 18]. In the following
subsections we will briefly cover some of the other reported quaternary modulation formats
such as quaternary polarization amplitude shift keying (QPolASK) [23, 22] and quaternary
differential phase amplitude shift keying (DP-ASK) [18, 19]. Both of these modulation for-
mats double the transmission rate and have higher spectral efficiency than binary NRZ-ASK
signals operating at the same bit rate.

4.6.1 Quaternary Polarization Amplitude Shift Keying (QPolASK)
Quaternary polarization amplitude shift keying modulation (QPolASK) is generated by opti-
cally combining two binary intensity modulated signals NRZ-ASK with unequal amplitudes
in orthogonal polarizations [23, 22]. The resulting modulation format is similar to the QASK
[20], but orthogonal polarizations are used to generate the 4-level signal instead of quadra-
ture phases. The schematic of the QPolASK transmitter is similar to the QPolDB transmitter
shown in figure 4.22 but with replacing the duobinary signals with binary signals as shown
in figure 4.34.

MZM

MZM

PBS

a

Laser
QPolASK

NRZ-ASK Binary
Data Stream 2

NRZ-ASK Binary
Data Stream 1

Figure 4.34: Schematic of the optical QPolASK signal generation scheme (a = 1/
√

2), eye
diagram of 2×10 Gbit/s QPolASK signal (top-right).

The laser signal is split into two branches where each branch consists of a Mach-Zehnder
modulator biased at the quadrature point and driven by an electrical binary NRZ-ASK sig-
nals having peak-to-peak voltage amplitude of Vπ. In one of the branches the generated op-
tical binary NRZ-ASK signal carries an electric field Ex with normalized field amplitudes
of {0, +1}. The optical binary NRZ-ASK signal in the other branch is optically attenuated
by 3 dB (a = 1/

√
2) resulting in an orthogonal electric field Ey with normalized field am-

plitudes {0, +a}. The two generated optical signals Exand Eycarried in the two branches
are then combined with orthogonal polarizations in a polarization beam splitter (PBS) gen-
erating a quaternary polarization amplitude shift keying modulation signal (QPolASK). The
intensity eye diagram of a generated 2×10 Gbit/s QPolASK signal is shown in figure 4.34
(top-right). The QPolASK signal constellation diagram is given in figure 4.35. The QPo-
lASK signal can be detected as a 4-IM with intensities {0, a2, 1, 1 + a2} corresponding to
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the levels labeled “0”, “1”, “2”, “3”. Similar decoding as in 4-IM is needed at the receiver
side. The spectrum of the QPolASK signal is expected to contain a carrier component and
equivalent to the 4-IM and the QASK spectrum. The spectral bandwidth of the QPolASK is
about twice the bandwidth of the QPolDB signal. The measured receiver sensitivity for the
QPolASK modulation format at 20 Gbit/s is ~-21 dBm.
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Figure 4.35: QPolASK electrical field signal constellation diagram (top-right) generated
using a polarization division multiplex setup with binary signals (a = 1/
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4.6.2 Quaternary Differential-Phase ASK Modulation (DP-ASK)
It has been reported in [18, 19] on a quaternary differential-phase ASK modulation for-
mat based on independent DPSK and ASK modulation. The schematic of the DP-ASK
transmitter and receiver setup are shown in figure 4.36. DP-ASK can be used to transmit
independently two binary 10 Gbit/s data streams on the same optical carrier frequency by
using two cascaded MZM modulators, one configured for ASK modulation and the other
configured for DPSK modulation [18].

The DP-ASK signal constellation diagram in the optical domain is represented by four
signal points on the real axis of the electric field as shown in figure 4.37 having two different
amplitudes, a and b (b > a > 0), and two possible phase angles 0 and π [19]. The extinction
ratio (ER) of the ASK branch (ER = b/a) must be optimized (~9.5 dB) in order to obtain
equal receiver sensitivity for both the ASK and DPSK signals [18].

To receive the two transmitted data streams, the DP-ASK signal is split into two signals.
One part enters a standard ASK receiver based on a single photodiode, and the other part
enters a standard DPSK receiver based on a MZDI and a balanced detection photodiode
receiver. One drawback of this method is the complicated receiver design and extra cost due
to the need of both a DPSK balanced receiver and an ASK receiver. The reported receiver
sensitivity and optical bandwidth for the DP-ASK modulation format at 20 Gbit/s were ~-30
dBm, and ~ 20 GHz respectively [18].



70 Quaternary Intensity Modulation

MZMLaser

DP-ASK
Differential 
Encoding

NRZ-ASK Binary
Data Stream 1 NRZ-ASK Binary

Data Stream 2

Fiber

Data

Stream 1

Data

Stream 2

MZDI

DPSK Balanced Receiver

MZM

DPSK Mod. ASK Mod.

ASK Receiver

Figure 4.36: Schematic of quaternary DP-ASK transmitter and receiver

Re(E)

Im(E)

-a a b-b

Figure 4.37: DP-ASK signal constellation diagram



Chapter 5

Results Discussion and Conclusion

5.1 Introduction

This chapter will discuss the experimental results obtained for the multilevel optical mod-
ulation formats obtained from chapter 3 and 4. These modulation formats are DQPSK,
DQPSK PolDM, 4-IM, QASK, QDB, QPolDB-5 and QPolDB-6. A comparison between
the different quaternary modulation formats with standard binary and duobinary modulation
operating at 20 Gbit/s will also be given in a table in the following section. The advantages
and disadvantages of each modulation format will also be highlighted. A brief conclusion
of the overall work will be given in the last section of this chapter.

5.2 Results Discussion

The measured receiver sensitivities at an average BER of 10−9 for the quaternary modula-
tion formats NRZ-DQPSK, RZ-DQPSK, 4-IM, QASK, QDB, QPolDB-5, and QPolDB-6
are -36.8 dBm, -38.3 dBm, -12.8 dBm, -21.6 dBm, -21.2 dBm, -20.5 dBm, and -18.4 dBm,
respectively for 2×10 Gbit/s transmitted data with a PRBS length of 27 − 1. Obviously
the RZ-DQPSK modulation format achieved the best receiver sensitivity compared to the
other modulation formats. The 4-IM had the worst receiver sensitivity. For 2×2×10 Gbit/s
DQPSK PolDM, the receiver sensitivities at an average BER of 10−9 for NRZ-DQPSK
PolDM and RZ-DQPSK PolDM signals are -33.8 dBm and -34.7 dBm, respectively with
a PRBS length of 27 − 1. Figure 5.1 shows the BER curves obtained for all the quater-
nary multilevel modulation format experiments performed in chapter 4 (4-IM, QASK, QDB,
QPolDB-5, and QPolDB-6) with a PRBS length of 27 − 1.

The effects of very long PRBS pattern lengths (≥ 223 − 1) could not be assessed since
the expected patterns could not be uploaded to the BER detector with the available soft-
ware and memory size. It is believed that the sensitivity for the QDB and QPolDB signals
would be degraded when used with higher PRBS lengths since they are based on duobinary
modulation which is known to be degraded when used with longer PRBS patterns [83, 84].
To confirm that conclusion it was possible to generate and detect a QPolDB-6 signal using
2×10 Gbit/s data streams with a PRBS length of 210−1 and 215−1 resulting into a measured
average receiver sensitivity of ~-18 dBm and ~-13 dBm, respectively. It may be possible to
improve the receiver sensitivity of the QPolDB signals by optimizing the generated duobi-
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Figure 5.1: Average BER curves versus received optical power for 20 Gbit/s quaternary
modulation signals (4-IM, QASK, QDB, QPolDB-5, and QPolDB-6).

nary signals by filtering it with a narrow bandwidth optical filter [83, 84, 104, 105]. As
for DQPSK signals, the average receiver sensitivity for 2×10 Gbit/s DQPSK signals with a
PRBS length of 215 − 1, is measured to be ~-36.4 dBm and ~-37.3 dBm for NRZ and RZ
pulse shaping, respectively. As for 2×2×10 Gbit/s DQPSK PolDM signals with a PRBS
length of 215 − 1, the average receiver sensitivity is measured ~-32.5 dBm and ~-34.2 dBm
for NRZ and RZ pulse shaping, respectively.

In terms of chromatic dispersion tolerance, figure 5.2 shows the OSNR needed for an av-
erage BER of 10−9 versus CD in ps/nm for 20 Gbit/s quaternary modulation signals (QASK,
QDB, QPolDB-5, and QPolDB-6). The measured 1 dB CD tolerance of the multilevel mod-
ulation formats at 20 Gbit/s for RZ-DQPSK, QASK, QDB, QPolDB-5, and QPolDB-6 are
360 ps/nm, 130 ps/nm, 140 ps/nm, 340 ps/nm, and 530 ps/nm respectively. The CD toler-
ance measurement was not possible for the 4-IM signal due to high noise and poor receiver
sensitivity.

The QPolDB-6 modulation format had the best CD tolerance compared to the other
modulation formats while the QASK scheme had the worst CD tolerance. This is due to the
reduced bandwidth of the duobinary modulation used for the QPolDB signals. The analog
QDB signal using duobinary signals with the QPSK modulator had a better sensitivity but
a worse CD tolerance. The reduced CD tolerance of the QDB scheme may be understood
from the fact that CD affects the phase. On the other hand QPolDB is of course affected
by polarization-dependent loss, since unbalanced optical powers in the orthogonal polariza-
tions result in unequal eye openings at the receiver side. The QDB signal is also affected
by the fact that one of the Mach-Zehnder modulators is driven with a Vπ voltage swing. In
the presence of electrical intersymbol interference this results in a non-optimal optical gen-
erated duobinary signal in the modulator. A solution to this problem is to place an optical
attenuator in one of the QPSK modulator branches [20] and to drive both Mach-Zehnder
modulators with a full 2Vπ voltage swing, where optical duobinary signal quality is best.
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Figure 5.2: OSNR needed for a BER of 10-9 versus CD in ps/nm for 20 Gbit/s quaternary
modulation signals (QASK, QDB, QPolDB-5, and QPolDB-6).

The modulation amplitudes in all the quaternary generation schemes were adjusted to opti-
mize the 3 eye openings for the quaternary signal. Any change in the modulation amplitudes
will cause unequal eye openings in the quaternary signal. It was also found that the 5−GHz
stub generated QPolDB-5 signals have better sensitivity but worse CD tolerance than the
QPolDB-6 signals generated by using the 6 − GHz stub. This is due to the fact that two
different methods were used to generate the two duobinary signals. The QPolDB-5 signals
were similar to the duobinary signals generated by the conventional one-bit-delay and add
method [24, 25, 26]. The QPolDB-6 signals were similar to the duobinary signals generated
by the LPF method. It has been reported in [24, 82, 83] that the duobinary signals based on
the LPF method better suppresses the optical spectrum side-lobes, tolerates more CD than
the one bit delay method, but has a worse back-to-back sensitivity than the one-bit-delay
and add method. A similar behavior was obtained for the QPolDB-5 and QPolDB-6 signals.

Table 5.1 compares different modulation formats at 20 Gbit/s in terms of receiver sen-
sitivity, CD tolerance and optical bandwidth occupancy. For comparability all quaternary
modulation experiments in table 5.1 refer to a PRBS length of 27 − 1.

From table 5.1 it is can be concluded that the 20 Gbit/s standard binary NRZ-ASK sig-
nal had the largest spectral bandwidth and therefore has worse spectral efficiency than all
the other compared multilevel modulation formats operating at the same bit rate. The best
spectral bandwidth was for QDB, QPolDB, and DQPSK PolDM signals. In terms of CD
tolerance, DQPSK PolDM, duobinary modulation, then QPolDB-6 modulation had the best
CD tolerance compared to all the other modulation formats operating at the same bit rate. In
terms of receiver sensitivity, RZ-DQPSK and RZ-DQPSK PolDM had the best receiver sen-
sitivity. The merits of DQPSK and DQPSK PolDM signals come at the cost and complexity
of the extra components at the receiver (interferometer-based balanced photoreceiver with
two photodiodes, polarization controller).



74 Results Discussion and Conclusion

Table 5.1: Comparison between different modulation formats at 20 Gbit/s
Mod. Format (@ 20 Gbit/s) Sensitivity (dBm) CD tol. (ps/nm) BW (GHz) Reference

NRZ-ASK -31.6 ~260 ~40 [48]

Duobinary -28.5 600 ~20 [24]

NRZ-DQPSK -36.8 - ~20 (measured)

RZ-DQPSK -38.3 360 >20 (measured)

NRZ-DQPSK PolDM ~-36.8 - ~10 (scaled)

RZ-DQPSK PolDM ~-37.7 ~1440 >10 (scaled)

4-IM -12.8 - ~20 [6]

QASK -21.6 130 ~20 [6]

QDB -21.2 140 ~10 [6]

QPolDB-5 -20.5 340 ~10 [6]

QPolDB-6 -18.4 530 ~12 [6]

QPolASK -21 - ~20 (measured)

DP-ASK -30 - ~20 [18]

5.3 Conclusion
The two duobinary QDB and QPolDB schemes which require only a single photodiode
as a receiver are believed to represent intensity modulation with the narrowest reported
spectrum reported to date ( 10GHz). The polarization division multiplex based duobinary
QPolDB-6 scheme doubles the transmission capacity and is believed to feature the largest
reported CD tolerance (530 ps/nm) for 20 Gbit/s intensity modulation with such a narrow
spectrum ( 12GHz), which makes it attractive for DWDM systems applied for short reach
(several kilo meters) to medium reach (several hundreds kilometers) transmission applica-
tions (metro applications). However, for long or ultra long haul optical fiber transmission
systems, RZ-DQPSK modulation (with reported receiver sensitivity -38.3 dBm and CD tol-
erance 360 ps/nm at 20 Gbit/s) and Duobinary modulation (with reported receiver sensitivity
-28.5 dBm and CD tolerance 600 ps/nm at 20 Gbit/s) are the potential candidates. Also RZ-
DQPSK PolDM is a promising modulation format for ultra long haul DWDM optical fiber
transmission systems with channels operating at high data rates ≥ 40 Gbit/s.



Appendix A

Optical Intensity Mach-Zehnder
Modulator (MZM)

Several types of external optical intensity modulators have been developed over the past
several decades for optical fiber communication applications. Most of the modern wide-
bandwidth modulators are based on the linear electro-optic (EO) effect (also known as
Pockels effect) which depends on the applied electric field which makes the modulator a
voltage-controlled device [66]. EO effect denotes the change of the optical refractive in-
dex in nonlinear optical (NLO) crystals due to the presence of the electric field. The index
change leads to change in the optical phase, which can be converted into intensity modula-
tion in a Mach-Zehnder interferometer. Lithium Niobate (LiNbO3) is the most widely used
material for manufacturing electro-optic devices, including phase modulators and Mach-
Zehnder intensity modulators (MZM). The Mach-Zehnder interferometer is the most popu-
lar device for implementing optical intensity modulation using EO effect. Figure A.1 shows
a schematic drawing of such an interferometer .

Arm 1

Arm 2

Splitter Combiner

Optical Input Optical Output

Figure A.1: Schematic drawing of a Mach-Zehnder interferometer

At its optical input port, there is an optical splitter that divides the input optical power
into two equal portions. The divided power propagates in two separate waveguides that
are often called “two arms”. In a MZM, at least one of these two arms is designed as an
EO waveguide, along which the optical phase can be modulated by an applied voltage. If
the optical waves are in phase after propagating through the two arms, they combine as a
single mode in the output optical combiner, which results in a maximum intensity output;
whereas if the optical waves are out of phase after propagating through the two arms, they
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combine as a higher order spatial mode near the optical combiner, therefore most of the
optical power becomes an unguided wave beyond the combiner and the output intensity is
minimum [44, 66]. The optical field amplitude Eo at the output of the MZM can be generally
represented by [44, 66, 1, 35]:

Eo =
1√
2

(
E1e

jΦ1 + E2e
jΦ2

)
, (A.1)

where (E1, E2) and (Φ1, Φ2) represent the optical field amplitudes and optical phase
delays in the two arms respectively. The output optical power Po is:

Po = |Eo|2 =
1

2

[
|E1|2 + |E2|2 + 2 |E1| |E2| cos (Φ1 − Φ2)

]
. (A.2)

The phase difference Φ1 − Φ2 consists of two parts (Φ1 − Φ2 = ∆Φ + Φ0): one is
the path difference Φ0 at zero applied voltage and the other is the phase difference ∆Φ due
to the applied voltage. Assuming that the optical splitter splits the input electric field Ei

into two equal electric fields of Ei/
√

2 each
(
E1 = E2 = Ei/

√
2
)

and by neglecting the
waveguide losses and ignoring the arm path delays and constant phase shifts (Φ0 = 0 ). The
resulting output electric field of the MZM structure shown in figure A.1 when only arm one
is modulated (Φ2 = 0 , Φ1 = ∆Φ) can be written as:

Eo =
Ei

2

(
ejΦ1 + 1

)
=

Ei

2

(
ejπ

V (t)
Vπ + 1

)
= Ei

[
cos

(
π

2

V (t)

Vπ

)]
ej π

2
V (t)
Vπ , (A.3)

where V (t) is the applied voltage to the electrode of arm one, and Vπ is the voltage value
at which the voltage-induced phase difference reaches π (or 180o) [66, 1]. However, in ad-
ditional to the change of the optical intensity, the input and output relation of Eq. A.3 also
accompanies with phase modulation of ejφ where φ = π

2
V (t)
Vπ

. The ratio of the phase to am-
plitude modulation is called the chirp coefficient [1]. In addition to chirp, the unmodulated
path (lower arm) of figure A.1 reduces the modulation efficiency of the modulator. When
the microwave electrodes are properly designed, both paths of the Mach-Zehnder modulator
can be modulated to improve the modulator efficiency. Figure A.2 shows the waveguide
structure for a Mach-Zehnder modulator using x − cut LiNbO3 crystal. The two paths of
the Mach-Zehnder modulator are phase-modulated with opposite phase shifts in a push-pull
structure. For this type of MZM structure, the Vπ is reduced by half with respect to the
MZM structure with only one modulated arm.

Because the two arm paths are modulated with opposite phases of ±πV (t)
2Vπ

so that Φ1 =
−Φ2 and the output electric field of the MZM (push-pull) structure is:

Eo =
Ei

2

(
ejΦ1 + ejΦ2

)
=

Ei

2

(
ejπ

V (t)
2Vπ + e−jπ

V (t)

π

)
= Ei

[
cos

(
π

2

V (t)

Vπ

)]
. (A.4)

From Eq. A.4, it can be concluded that no phase modulation accompanies the amplitude
modulation and therefore this single-drive x-cut push-pull modulator has zero-chirp. In
terms of optical intensity for both of the previous mentioned structures of the Mach-Zehnder
modulator (single arm and push-pull), the transfer characteristic equation (transfer function
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x

z

signal groundground

Optical waveguides

Figure A.2: Mach-Zehnder modulator (push-pull) structure using x− cut LiNbO3

or optical intensity transmission) as a function of the applied voltage from equations A.3
and A.4 can be written as:

|Eo|2

|Ei|2
= cos2

(
π

2

V (t)

Vπ

)
=

1

2

[
1 + cos

(
π

V (t)

Vπ

)]
. (A.5)

The transfer function of the MZM is a nonlinear sinusoidal function as shown in figure
A.3. The voltage to turn the modulator from minimum to maximum transmission points is
Vπ. The input and output transfer characteristic of the MZM modulator may provide 0 and
π phase modulation to an optical signal. For V (t) from 0 to Vπ, Eo and Ei have the same
phase. For V (t) from Vπ to 2Vπ, Eo and Ei have opposite phases [1]. Because of some
amount of constant shift (Φ0 6= 0), the driving voltage V (t) when equal to zero (V (t) = 0)
in a practical modulator is not necessarily corresponding to the maximum transmission point
as shown in figure A.3.

Transmission

Input 

Voltage (V)Minimum 

Transmission

Point

Maximum

Transmission

Point

Positive inflection

Point

VπVπ

2Vπ

Negative inflection

Point

Figure A.3: Typical transfer characteristic curve of a Mach-Zehnder modulator

Phase modulation provided by zero-chirp modulators have the advantage that amplitude
jitter does not give phase jitter, i.e., variation of drive voltage does not transfer to varia-
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tion of output phase. However, the phase modulation is limited to 0 and π, equivalent to
±1. For phase-modulation operation, to minimize loss and obtain optimal amplitude jitter
compression, the modulator should operate between two maximum transmission points for
a peak-to-peak voltage swing of 2Vπ [1]. Currently, most commercially available LiNbO3

amplitude modulators have a Vπ from 4 to 6 V. In additional to LiNbO3, semiconductor
materials also have electro-optical effect and can be used to fabricate external modulators
[1, 66]. For LiNbO3 MZMs, the most remarkable advantages are the lowest optical loss
and the highest optical power handling capability. Among all types of MZMs, LiNbO3

modulators are still considered as the devices with the best performance. The main dis-
advantage for LiNbO3 MZMs is the large size. It also has the bias-drifting issue, which
requires bias control circuit. Also LiNbO3 modulators are polarization sensitive, difficult
to be integrated with other components and have a higher fabrication cost in terms of large
volume production.

As for semiconductor GaAs MZMs, its performance is now getting closer to that of
LiNbO3. Also GaAs MZMs have smaller chip sizes, less bias-drifting problem, lower fab-
rication cost and can be integrated with a wide range of components, such as lasers, semi-
conductor optical amplifiers, photodetectors, passive optical circuits and even electronic
drivers. However, GaAs MZMs have a slightly smaller modulation efficiency and higher
optical loss (several dB higher) in comparison to LiNbO3 MZMs [66].



Appendix B

DQPSK Precoder

A schematic of a DQPSK transmission setup is shown in figure B.1. The DQPSK signal
carries the information to transmit the two binary data streams U(k) and V (k) on the optical
phase of the laser carrier signal. To receive the two data streams, the DQPSK signal is
demodulated by two interferometers at the receiver side as shown in figure B.1 (right).
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Figure B.1: Schematic of a DQPSK transmission system

Both interferometers need a 1 bit delay in one of their arms. The differential optical
phase between the interferometer arms is to be set to +π/4 and −π/4 for the upper and
lower branches respectively in order to receive the two transmitted data streams [15]. The
received phase difference ∆φ = φ (k)−φ (k − 1) is decoded by the DQPSK receiver to two
data bit outputs (u(k) and v(k)) corresponding to the two original transmitted bits (U(k) and
V (k)) by the following relations [13, 94, 45, 44]:

u(k) = cos(4φk) + sin(4φk) (B.1)

v(k) = cos(4φk)− sin(4φk). (B.2)
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The mapping of the received phase difference (4φk) to the received data streams (u(k)
and v(k)) are shown in table B.1.

Table B.1: Mapping of the phase change (4φk) to received data (u(k) and v(k)) for DQPSK
signals

Phase difference (4φk) u(k) v(k)

0 1 1

π/2 1 0

π 0 0

3π/2 0 1

A precoding function is required for the DQPSK system to provide a direct mapping
of the data from the input at the transmitter side to the output at the receiver side after
demodulation [13, 1]. The precoder block shown in figure B.1 (left) has four inputs where
two of the four inputs are the input data streams (U(k) and V (k)) and the other two are the
time delayed version of the precoder outputs (I(k − 1) and Q(k − 1)). The outputs of the
precoder (I(k) and Q(k)) are used to drive an optical (D)QPSK modulator (optical encoder)
to generate different phase states φ(k) = f(I(k), Q(k)) as shown in figure B.2.
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Figure B.2: QPSK modulator and generated phase states φ(k)

The mapping of the optical (D)QPSK modulator input signals (I(k) and Q(k)) to the
output electric field (Eo) and generated phase state φ(k) are shown in table B.2.

Table B.2: Mapping of the input signals (I(k) and Q(k)) to the output electric field (Eo) and
generated phase state (φ(k)) of the o(D)QPSK modulator

I(k) Q(k) O/P Electric Field Eo Phase state (φ(k))

0 0 +1 + j π/4

0 1 +1− j 7π/4

1 0 −1 + j 3π/4

1 1 −1− j 5π/4

Based on the DQPSK receiver decoder equations B.1 and B.2 and by using the informa-
tion obtained from table B.1 and B.2, it is possible to generate a lookup table that maps the
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precoder input signals (U(k), V (k), I(k − 1), and Q(k − 1)) to the two output precoded
signals (I(k) and Q(k)) as shown in table B.3. From table B.3 and by using the Karnaugh
maps shown in figure b.3 it is possible to find the simplified precoder logic equations that
represent I(k) and Q(k) as follows [13, 1, 93]:

I(k) = U(k)V (k)I(k−1)+U(k)V (k)Q(k−1)+U(k)V (k)I(k−1)+U(k)V (k)Q(k−1)
(B.3)

Q(k) = U(k)V (k)Q(k−1)+U(k)V (k)I(k−1)+U(k)V (k)Q(k−1)+U(k)V (k)I(k−1).
(B.4)

Table B.3: DQPSK precoder look up table
∆φk U(k) V (k) I(k − 1) Q(k − 1) φ(k − 1) I(k) Q(k) φ(k)

π 0 0 0 0 π/4 1 1 5π/4

π 0 0 0 1 7π/4 1 0 3π/4

π 0 0 1 0 3π/4 0 1 7π/4

π 0 0 1 1 5π/4 0 0 π/4

3π/2 0 1 0 0 π/4 0 1 7π/4

3π/2 0 1 0 1 7π/4 1 1 5π/4

3π/2 0 1 1 0 3π/4 0 0 π/4

3π/2 0 1 1 1 5π/4 1 0 3π/4

π/2 1 0 0 0 π/4 1 0 3π/4

π/2 1 0 0 1 7π/4 0 0 π/4

π/2 1 0 1 0 3π/4 1 1 5π/4

π/2 1 0 1 1 5π/4 0 1 7π/4

0 1 1 0 0 π/4 0 0 π/4

0 1 1 0 1 7π/4 0 1 7π/4

0 1 1 1 0 3π/4 1 0 3π/4

0 1 1 1 1 5π/4 1 1 5π/4

The set of logic equations (B.3 and B.4) describe the operation of the precoder used
for a DQPSK system using on an optical encoder based on the parallel MZM oDQPSK
modulator as shown in figure B.2. The precoder equations can be realized using the logic
circuit diagram shown in figure B.4 . It is also possible to use different circuits than in figure
B.4 that are based on different logic gate arrangements that also follow the truth table B.3.
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Figure B.3: Karnaugh-maps for the DQPSK precoder outputs I(k) and Q(k)
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Appendix C

4-ary ASK Decoder

Figure C.1 shows a schematic of a 4-ary receiver [10, 101]. The input to the receiver is a
4 level quaternary signal (figure C.1 (left)) that contains three eye openings corresponding
to three different patterns {Q1, Q2, Q3} representing the bottom, middle, and top eyes
respectively. These three patterns {Q1, Q2, Q3} are separated by three decision circuits (D
flip-flops) with the reference voltage on each flip set at the decision levels V1 (0 ↔ 1), V2
(1↔ 2), and V3 (2↔ 3), respectively. Suitable decoding is then needed to recover the two
original transmitted data streams from the three detected patterns [101, 10, 6].
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Figure C.1: Schematic of a 4-ary ASK receiver

The mapping of the four input signal levels {0, 1, 2, 3} to the three received patterns
{Q1, Q2, Q3} and the two decoded data streams {D1, D2} that represent the recovered
transmitted patterns are shown in table C.1.

From table C.1 and by using the Karnaugh maps shown in figure C.2 it is possible to
find the simplified decoder logic equations that represent the received data streams D1 and
D2 as follows:

D1 = Q2 (C.1)

D2 = Q3 + Q1Q2. (C.2)

The schematic of the decoding logic circuit is shown in figure C.3.
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Table C.1: Mapping of the input levels and the 3 received patterns to the decoded outputs
for a 4-ary ASK receiver

Level Q1 Q2 Q3 D1 D2

0 0 0 0 0 0

1 1 0 0 0 1

2 1 1 0 1 0

3 1 1 1 1 1

00    01     11    10

11×0

×××00

1

Q1

Q2Q3

01×1

×××0

00    01     11    10

0

1

Q1

Q2Q3

D1 D2

Figure C.2: Karnaugh-maps for the 4-ary ASK decoder outputs D1 and D2
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Q2
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Figure C.3: 4-ary ASK decoder circuit diagram
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Duobinary Filters

There exits two common methods to generate duobinary signals. They are; the electrical
low-pass filtering (LPF) method [24, 79, 80] and the conventional electrical one-bit delay
and add method [24, 25, 26]. The electrical LPF used in generating a duobinary signal is
usually based on an electrical LPF having a 3 dB bandwidth of about 1

4
of the of the bit

rate [106, 78, 105]. The one-bit delay-and-add method can be constructed by splitting the
electrical signal by an RF power divider and delaying one of the paths by 1 bit delay and
then combining the two signals together in a RF power combiner. It is also possible to
implement the one-bit delay-and-add duobinary encoder by using a transmission line with
an open circuit (O.C.) stub connected parallel to it (Duobinary Stub filter) as shown in figure
D.1.
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Figure D.1: Schematic of the one bit delay-and-add duobinary encoder versus the stub filter
duobinary encoder

At the discontinuity, represented in figure D.1 by an open stub connected in parallel
across the transmission line, the total voltages on either side of the junction must be identical.
Therefore at the plane z=0, taken as a local reference plane Vf + Vr = Vt + 0 since there
in no wave reflected from the matched load back to the discontinuity, where Vf , Vr and
Vt are the forward, reverse and transmitted traveling wave voltages, respectively. With the
transmission coefficient defined as T = Vt/Vf , it follows that T = 1 + Γ, where Γ is
the voltage reflection coefficient just to the left of the open stub. Assuming lossless lines
Γ = Γle

−j2βl, where Γl = ZO.C.−Zo
ZO.C.+Zo

= 1 is the reflection coefficient at the load side of the
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open circuit stub, β = 2π
λ

= 2π(f
υ
) is the phase coefficient, λ is the wavelength, f is the

frequency, l is the length of the open stub, υ = c/
√

εr is the phase velocity in the medium
with the relative permittivity εr, ZO.C. = ZL = ∞ is the O.C. load impedance, and Zo is
the characteristic impedance [107]. Therefore the transmitted voltage Vt = Vf +Vfe

−j2βl =

Vf + Vfe
−j2πf( 2l

υ
).

It was possible to realize a Duobinary Encoder for a 10 Gbit/s data signal by constructing
a stub filter using open stubs with single-path delays of 50 ps ( l

υ
= 50ps) by making the

length of the O.C. stub (l = υ×50 = c√
εr
×50 ' 8.15mm) where c = 2.997925×108m/s is

the speed of light in free space, and εr = 3.38 is the dielectric constant for the material used
to build the microstrip transmission lines (RO4003 from Rogers). This stub filter responds
to an impulse by two impulses of equal height and 100 ps mutual delay (1 bit =2l

υ
= 100ps),

thereby forming an idealized duobinary one-bit-delay and add filter as shown in figure D.2
(a). The simulated frequency response of the LPF stub used in this experiment had a ~
35 dB dip at the frequency 5 GHz (Stub-5) as shown in figure D.3. The eye diagram for
a generated 10 Gbit/s electrical duobinary signal shown in figure D.3 is measured after
filtering a 10 Gbit/s electrical binary NRZ-ASK signal by the constructed stub (Stub-5).

(a)                        (b)

Figure D.2: Photo of constructed electrical stub LPFs, (a) Stub-5, (b) Stub-6

Another duobinary stub LPF, producing impulses spaced by 83 ps (2l
υ

= 83ps) and
having a frequency response dip at 6 GHz (Stub-6), was also constructed as shown in figure
D.2 (b). The frequency response of the LPF stub (Stub-6) is shown in figure D.4. The
eye diagram shown in figure D.4 is for a 10 Gbit/s electrical duobinary signal generated
by filtering a 10 Gbit/s electrical binary NRZ-ASK signal by this stub (Stub-6). Several
versions of the Duobinary stub filters with slightly different lengths were built and tested in
order to optimize the performance and response of the filter.



Duobinary Filters 87

0 2 4 6 8 10 12
-40

-35

-30

-25

-20

-15

-10

-5

0

Frequency [GHz]

S
2
1
 [
d
B
]

Figure D.3: Frequency response of the electrical stub LPF (Stub-5) and eye diagram of a
generated 10 Gbit/s electrical duobinary signal
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Figure D.4: Frequency response of the electrical stub LPF (Stub-6), and eye diagram of a
generated 10 Gbit/s electrical duobinary signal
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Figure D.5 and D.6 show the frequency response of a 5th order Bessel LPF with a 3
dB corner frequency at 2.8 GHz [82] plotted together with the frequency response of the
Stub-5 and Stub-6 filters respectively. From figure D.6 it can be noticed that the 3 dB
corner frequency of the Stub-6 was approximately the same as the Bessel filter, therefore the
duobinary signal generated using the Stub-6 filter will perform more similar to a duobinary
signal generated using the Bessel filter.
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Figure D.5: Frequency response of a Stub-5 filter and 5th order Bessel LPF (3dB@2.8GHz)
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Figure D.6: Frequency response of a Stub-6 filter and 5th order Bessel LPF (3dB@2.8GHz)
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