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ABSTRACT OF THE DISSERTATION 
 
 

Optical Modulation and Detection Techniques for  
High-Spectral Efficiency 

 
by 

 
Cheng-Chung Chien 

 
Doctor of Philosophy, Graduate Program in Electrical Engineering 

University of California, Riverside, December 2008 
Dr. Ilya Lyubomirsky, Chairperson 

 

The development of advanced multilevel modulation and detection technologies 

is important for enabling efficient lightwave transmission of high-bit rate services, 

such as 40G Synchronous Optical Network (SONET/SDH) and 100G Ethernet. In this 

dissertation, we proposed and experimentally demonstrated several modulation and 

detection techniques for different optical modulation formats.  

Optimal duobinary was achieved by optimizing LPF, transmitter and receiver 

bandpass filter, which gains 4.4 dB better receiver sensitivity compared with 

conventional duobinary. The optimum RZ-duobinary was demonstrated and its 

performances of receiver sensitivity, fiber chromatic dispersion tolerance, and 

self-phase modulation nonlinearity tolerance were compared with NRZ-duobinary’s. 

Surprisingly, and contrary to the case of on–off keying, we find the NRZ pulse shape 

 v



to be superior, compared with RZ, for duobinary transmission in all the cases that 

were studied.  

A new DPSK demodulation scheme employing a frequency discriminator filter 

followed by direct detection (FD-DD) was proposed, which achieved a 1.2 dB better 

sensitivity compared with NRZ-OOK. DQPSK operating at 20 Gb/s doubles the 

spectral efficiency. Our proposed FD-DD demodulation scheme offers 2 times better 

chromatic dispersion tolerance than conventional delay interferometer followed by 

balanced detection (DI-BD) scheme. FD-DD demodulation scheme for PolMux 

DQPSK operating at 40 Gb/s not only quadruples the spectral efficiency of 

NRZ-DPSK, but also maintains roughly the same chromatic dispersion tolerance of a 

20 Gb/s DQPSK.  

This research work improves system performances for more efficient next 

generation fiber communication.    
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Chapter 1  

Introduction   

1.1 Background 

An optical modulation format is the method used to impress data (i.e. 

information) on an optical carrier wave for transmission. The simple 

Non-Return-to-Zero (NRZ) On-Off Keying (OOK) and Return-to-Zero (RZ) OOK 

modulation formats are a natural choice when bandwidth is plentiful. Indeed, the 

immense intrinsic bandwidth of optical fiber (~ 25 THz) has enabled an exponential 

growth in transmission capacity at a rate that even surpasses Moore’s Law for 

electronic computers [1]. The development of wavelength division multiplexing 

(WDM) and all-optical amplification technology based on erbium doped fiber 

amplifier (EDFA) made it possible to transmit multiple channels on a single strand of 

optical fiber as well as amplify these signals in different channels simultaneously 

without electrical regeneration. However, the demand of optical fiber communication 

capacity has been increased dramatically over the past few years and expected to keep 

this trend in the near future. The usage of simple OOK modulation formats is 

questionable. 

 



1.2 Motivation 

In most transmission channel, bandwidth is at a premium. The usage of optical 

fiber between transmitters and receivers provides a vast channel bandwidth for 

communication. But a good signaling scheme plays an important role to make 

efficient use of the bandwidth. As the demand of capacity growths, further capacity 

increases could be achieved by, first, laying down more optical fiber links, second, by 

increasing higher bit rate per channel (10 Gb/s toward 40 Gb/s, even 100 Gb/s), and 

third, by applying more efficient use of the available fiber links, [2, 3, 4, 5, 6]. The 

first method requires a lot of infrastructural works and is extremely costly. The second 

method is limited by the speed of commercially available electric devices, which is 

limited to 40 GHz/s nowadays. The third method, applying advanced multilevel 

modulation formats with better spectral efficiency, provides a more cost-effective 

solution to achieve desired capacity. The overall capacity (b/s) of a WDM 

transmission system is governed by the available bandwidth (Hz) and by the 

achievable spectral efficiency (b/s/Hz). By applying advanced multilevel modulation 

formats and packing channels more closely (channel spacing from 100 GHz toward 

12.5 GHz), the spectral efficiency of fiber optic communication is pushing from 0.4 

toward 1.6 (b/s/Hz) and beyond. In this dissertation, we focus on applying novel 
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modulation and demodulation techniques for higher spectral efficiency and 

optimizing fiber optic communication system. 

 

1.3 Organization of this Dissertation 

An introduction is given in chapter one. Optical modulation formats and 

performance evaluation parameters are covered in chapter two. Intensity modulations 

are described in chapter three, which includes NRZ- and RZ-OOK as a baseline for 

comparison with other advanced formats. Duobinary is also presented after OOK in 

chapter four. The optimal NRZ- and RZ-duobinary are demonstrated and their 

performances are compared. In chapter five, phase modulation formats (DPSK, 

DQPSK and PolMux DQPSK) are included. The final chapter summarizes the 

conclusions. 
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Chapter 2  

Optical Modulation Formats and Performance Evaluations  

 

2.1 Introduction to Optical Modulation Formats 

An optical modulation format is the method used to impress data (i.e. 

information) on an optical carrier wave for transmission over optical fiber. The 

simplest optical modulation format is on-off-keying (OOK) intensity modulation, 

which can take either of two forms: non-return-to-zero (NRZ) or return-to-zero (RZ) 

[7, 8, 9]. NRZ requires roughly half the bandwidth of RZ, and is thus easier to 

implement, and is less costly. The receiver for both NRZ and RZ modulation is based 

on a square-law (intensity) photodetector.   

To achieve high-speed modulation, an external modulator, typically based on 

the Mach-Zehnder modulator (MZM) structure, is often used instead of modulating 

the laser source directly. Figure 2.1 illustrates how the MZM operates. CW light from 

a laser is split to follow two separate optical paths. The electrical data signal 

introduces a -phase shift, via electro-optic effect, between the two paths for logical 

0 versus logical 1. Light from the two paths is allowed to interfere at the output such 

that the -phase shifts lead to destructive interference for optical logical 0, and 

 4



constructive interference for optical logical 1. A transmission curve of an optical 

modulator can be obtained by measuring its optical output power versus bias voltages 

while keeping its input optical power constant.   

 

Transmission Curve

Voltage

Quadrature Bias

Electrical Signal 
Drive voltage 

Vp-p ~ V

Optical Signal

0  1  0
1
0

0

 

Figure 2.1: Schematic diagram for Mach-Zehnder modulator (MZM). The MZM 
transmission curve forms periodic interference fringes in the output intensity as a 
function of applied voltage. 

 

The mathematic formula of a transmission curve of modulator is derived below: 
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1
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From (2.4), a transmission curve in figure 2.1 could be obtained. An important 

parameter for any MZM is V , which is the voltage swing required to go from null to 

peak in the MZM transmission curve. Thus, to generate NRZ modulation, the RF 

driver amplifier must provide an output voltage swing of Vp-p ~ V �(we shall see 

below that for some modulation formats a voltage swing of 2V is necessary). Figure 

2.1 also shows by properly choosing swing and bias voltages how electrical signals 

convert to optical signals via transmission curve. 

 

2.2 Performance Evaluations  

In this section, some important performance evaluation parameters used in this 

dissertation are introduced and described in order to compare the differences between 

modulation formats. The parameters covered in this chapter are the bit-error rate, Q 

parameter, optical signal to noise ratio (OSNR), receiver sensitivity, chromatic 

dispersion tolerance, spectral efficiency (SE), self-phase modulation and frequency 

offset tolerance [10].  
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2.2.1 Bit-Error Rate and Q parameter 

The fluctuating optical signal caused by all kinds of impairments in fiber link is 

received by receiver, which converts optical signal to electrical signal. The electrical 

signal is fed into an error detector, which contains a decision circuit to sample the 

signal and compares to the transmitted data patterns. A bit-error ratio (BER), 

sometime refers to bit-error rate, is defined as the ratio of the number of bits 

incorrectly received to the total number of bits received during a specified time 

interval. Hence, a BER of 4 10-6 corresponds to an average 4 errors per million bits.  �

BER can also be defined as the probability of incorrect identification of a bit by the 

decision circuit of the receiver [10]. The error probability is defined as  

                      BER = p(1)P(0/1)+p(0)P(1/0)                ( 2.5) 

Where p(1) and p(0) are the probabilities of receiving bits 1 and 0, respectively, P(0/1) 

is the probably of deciding 0 when 1 is received, and P(1/0) is the probability of 

deciding 1 when 0 is received. Since 1 and 0 are equally likely to occur, p(1) = p(0) = 

1/2, then the BER becomes 

BER = 1/2[P(1/0)+P(0/1)]                 (2.6) 

Where 

)10(P = )
2

(
2
1)

2
)(exp(

2
1

1

1
2

1

2
1

1 		�	
D

I IIerfcdIIID �
�

�
�


��

,       (2.7) 
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And stands for the complementary error function, defined as erfc

)(xerfc = dyy
x


�

� )exp(2 2

�
                   (2.9) 

By substituting Eqs. (2.7) and (2.8) in Eq. (2.6), the BER is given by  
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Equation (2.10) shows the BER depends on the decision threshold . In practice, the 

minimum BER occurs when  is chosen such that 
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where 10 		 �  in most practical cases. 
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�

�
� )()(

0

0
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               (2.12) 

An explicit expression for  is DI

10

0110

		
		

�
�

�
III D                       (2.13) 

When 10 		 � , , which corresponds to setting the decision 

threshold in the middle. 

2/)( 10 III D ��

The BER with the optimum setting of the decision threshold is obtained by 

using Eqs. (2.10) and (2.12) and depends only the Q parameter as 
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BER= )
2

(
2
1 Qerfc                        (2.14) 

where the parameter Q is obtained from Eqs. (2.12) and (2.13) and is given by  

01

01

		 �
�

�
IIQ                            (2.15) 

In other words,  

                     Q=20*log [ 2 1�erfc (2*BER)] in dB.            (2.16) 

where  represents invert error function. The BER improves as Q increases. The 

receiver sensitivity corresponds to the average optical power for Q 6, when 

BER . 

1�erfc

910�

�

�

 

2.2.2 Receiver Sensitivity 

The performance criterion of a receiver is governed by the bit-error ratio (BER), 

defined as the probability of incorrect identification of a bit by the decision circuit of 

the receiver. A receiver is said to be more sensitive if it achieves the same 

performance with less required incident power. The common receiver sensitivity is 

defined as the minimum average received power for a receiver to achieve a BER of 

10-9 [10]. Since the forward-error correction coding is well developed, nowadays 

system designers are more interested in the region of BER down to 10-3.  
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2.2.3 Chromatic Dispersion 

Chromatic Dispersion (CD), also known as Group-Velocity Dispersion (GVD), 

is a fundamental impairment of fiber communication. In fiber optics, the pulses used 

to carry information over distances occupy some amount of spectral bandwidth. The 

frequency dependence of the group velocity leads to pulse broadening, because 

different spectral components of the pulse travel in slightly different speed and thus 

do not arrive simultaneously at the fiber output. The Group-Velocity Vg is define as           

           = gv
�
�
�
�  = c

n
fffffffff                    (2.17) 

 where �  is frequency and �  is defined as propagation constant.  is the speed 

of light and 

c

n  is mode index. 

                            
c

n �� �                     (2.18) 

gv
d
d

d
d

��
�� �� 2

2

2 (2.19) 

where 2�  is known as the GVD parameter, which determines how much an optical 

pulse would broaden on propagation inside the fiber. This pulse broaden effect, which  

leaks optical power into adjacent bit slots and causes inter-symbol interference (ISI), 

is proportional to propagated fiber length and requires extra input power (i.e higher 

optical signal-to-noise ratio) at the receiver end to compensate signal degradation. A 

system is said to be more tolerant to chromatic dispersion, if less extra power is 
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required at the receiver in order to keep the same performance compared to 

back-to-back for certain amount of fiber length traveled.

 

2.2.4 Self-Phase Modulation 

Although silica-glass has intrinsically low optical nonlinearity, the fiber optical 

mode is confined to a very small effective area ~ 50-80 �m , and propagation lengths 

can be relatively long ~ 1000 km. Thus, when a sufficiently high optical power is 

launched into the fiber, optical nonlinear effects can occur. The fundamental fiber 

nonlinearity is due to Kerr Effect, where the refractive index becomes power 

dependent [16]. The propagation constant also can be written as 

2

                    PAPnk eff ���� ���� /20                  (2.20) 

where � = 2 )/(2 �� effAn  is an nonlinear parameter depending on effective core area 

and the wavelength effA � . The nonlinear phase shift produced by �  term is given 

by 

                            (2.21) effin

L L

NL LPdzzPdz ���� ������ 
 

0 0

)()(

where )exp()( zPzp in ��� , � is fiber loss parameter and  is effective 

interaction length defined as 

effL

�� /]exp(1[ LLeff ��� . Note for an N span 

transmission system, the total nonlinear phase shift is enhanced by N, which can be as 

 11



high as ~ 100 for submarine fiber systems. From Eq. 2.21, the nonlinear phase shift  

 varies with time across a pulse dependent on input power  and causes 

optical phase changes with time. This nonlinear effect is called self-phase modulation 

(SPM) due to the self-induced nonlinear phase modulation phenomenon. In OOK 

systems, the SPM-induced chirp affects the pulse sharp through interaction with GVD 

and often leads to additional pulse broadening causing considerable penalties and 

limiting the performance of lightwave system [10]. SPM is also detrimental in 

systems based on phase modulation because it can convert intensity noise from optical 

amplifiers into phase noise. This nonlinear phase noise is a major impairment in long 

haul DPSK/DQPSK systems. 

NL� inP

 

2.2.5 Spectral Efficiency 

Spectral efficiency (SE) is very important in fiber optics, since the spectral 

bandwidth affects the number of channels occupied in a single fiber.  

SE =
f

C
�

                             (2.22) 

where is the capacity per channel with unit of bits per second (b/s) and  is the 

channel spacing with unit of bits per second per hertz (b/s/Hz) [10].  

C f�
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2.2.6 Frequency Offset Tolerance 

The laser frequency and demodulator (i.e. filter or delay interferometer) must 

be align and stabilized with time. Unfortunately, this is not always the case. The laser 

frequency can drift with time as well as demodulator. The frequency offset tolerance 

is measured by the OSNR penalties occurring when the laser frequency and filter 

center frequency are misaligned. The measurement can be done by varying the laser 

frequency (i.e. wavelength), but fixing the filter center, or vice versa.  Our 

experiment is done by varying the laser, because the DFB laser provides a more 

accurate control with temperature stability over detuning the filter. The OSNR penalty 

is measured versus laser frequency detuning from the optimum.  

 

2.2.7 Amplified Spontaneous Emission  

The amplified spontaneous emission (ASE) is the main dominated noise source 

in long haul fiber communication system. ASE is produced by erbium doped fiber 

amplifier (EDFA) distributed along the optical transmission line to periodically boost 

signal power. As optical signals propagate through fiber links experiencing multiple 

optical amplifying, ASE noise is also amplified and accumulated, which degrades 

optical signal-to-noise ratio along the optical path. Although ASE noise can be 
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reduced by employing proper optical filtering, it can not be eliminated completely, 

and results in fundamental impairment in optically amplified systems.  

 

 

Figure 2.2: Stimulated emission (Gain) and Amplified Spontaneous Emission (ASE) 
noise of EDFA. 
 
 

E2 

h 1�

h 2�

E1 

Figure 2.3: Spectrum of amplified spontaneous emission from EDFA measured in our 
lab. 
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Fig. 2.2 shows the mechanics of stimulated emission (Gain) and amplified 

spontaneous emission (ASE) noise of EDFA. Fig. 2.3 shows the measured spectrum 

of ASE noise in our lab. The gain peak near ~ 1530 nm is due to the erbium gain 

medium; it is typically flattened out using special gain flattening filters (GFF) inside 

the amplifiers.  

 

2.2.8 Eye Diagram  

In telecommunication, an eye diagram is also known as an eye pattern, which is 

formed by superposing the bit patterns on top of each other. A high speed digital 

sampling oscilloscope is employed to sample the data stream and display the 

superposed bit patterns. It is so called because, for several types of modulation 

formats, the pattern looks like a series of eyes between a pair of rails. A typical eye 

diagram of Non-Return-to-Zero On-Off-Keying signal is shown in figure 2.6. The eye 

diagrams are used for system performance evaluations, such as pulse raise/fall time, 

duty cycle, extinction ratio, jitter, eye height/width, crossing percentage, etc. An open 

eye pattern corresponds to minimal distortion of the signal. While a closure of the eye 

pattern reveals the system imperfections or impairments, such as due to ISI. 
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Figure 2.4: Eye diagram of Non-Return-to-Zero On-Off-Keying signal. 
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Chapter 3  

Binary Intensity Modulation Formats  

 

Binary intensity modulation or also called amplitude shift keying is the most 

deployed modulation format nowadays for optical communication system. It’s also 

known as On-Off-Keying (OOK) because the transmitted data are represented by the 

presence (“On” state) /absence (“Off” state) of laser carrier intensity, which could be 

realized by either modulating the laser drive current directly or employing an external 

optical modulator to carve the amplitude of a continuous wave laser output [11]. In 

modern optical fiber communication system, a MZM made in LiNbO  material is a 

typical external modulators operating at higher bit rate and also providing better 

performance than directly modulated laser [12].       

3

 

3.1 NRZ- and RZ- On-Off Keying  

In principle, NRZ and RZ have the same quantum-limited receiver sensitivity 

[13]. However, RZ is less susceptible to ISI, and in practice achieves 1-2 dB better 

performance compared to NRZ [14]. RZ pulses also benefit from a soliton-like effect 

in optical fiber, and suffer less distortion due to fiber nonlinearity compared to NRZ 

[15]. For these reasons, RZ (or a related format called chirped-RZ) modulation is 
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currently favored in ultra-long haul submarine systems where the use of more costly 

transmitters and receivers is justified. Terrestrial transmission systems, where cost is a 

primary driving factor, typically employ simple NRZ modulation.  

3.1.1 NRZ OOK Encoder 

In high-speed transmission of 10 Gb/s or greater, RZ and NRZ modulation is 

most easily realized using the Mach-Zehnder modulator (MZM) [11, 12, 17]. Both 

NRZ and RZ modulation formats are realized in our laboratory. The schematic 

diagram for the 10 Gb/s NRZ transmitter, and measured eye are shown in figure 3.1. 

The NRZ transmitter using a single MZM was described in chapter 2.1. 

Modulator

Optical NRZ
~1550 nm

Electrical NRZ 
Data Signal

Laser

Measured 10 Gb/s NRZ Signal

Modulator

Optical NRZ
~1550 nm

Electrical NRZ 
Data Signal

LaserLaser

Measured 10 Gb/s NRZ Signal

Figure 3.1: Experimental 10 Gb/s NRZ transmitter, and measured NRZ eye diagram. 
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3.1.2 RZ OOK Encoder  

The experimental RZ transmitter requires two MZM modulators. The first 

MZM is called a “pulse carver.” It produces a periodic RZ pulse train at the bitrate 

since the drive signal is a sine wave with frequency equal to bitrate (i.e. clock signal). 

The second MZM is a gating modulator, used to impress the data on the RZ pulse 

train. The gating modulator is synchronized with the pulse carver modulator by 

adjusting the phase of either clock or data signal. Figure 3.2 shows the experimental 

10 Gb/s RZ transmitter realized in our laboratory, and the measured RZ eye diagram. 

Pulse Carver Modulator

~1550 nm

Clock 

Laser

Data Modulator

NRZ Data 

Measured 10 Gb/s RZ Signal

Optical RZ 

Pulse Carver Modulator

~1550 nm

Clock 

Laser

Data Modulator

NRZ Data 

Measured 10 Gb/s RZ Signal

Pulse Carver Modulator

~1550 nm

Clock 

LaserLaser

Data Modulator

NRZ Data 

Measured 10 Gb/s RZ Signal

Optical RZ 

Figure 3.2: Experimental 10 Gb/s RZ transmitter, and measured RZ eye diagram. 
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3.2 On-Off-Keying Decoder  

VOA

EDFA

BPF PIN
Receiver

Received 

Optical Signal 

Electrical

Signal
 

Figure 3.3: Scheme diagram of On-Off-Keying decoder 

Fig. 3.3 shows a typical on-off keying receiver. The optical signal is passing 

through a variable optical attenuator which controls the input power to the next step, 

an optical amplifier. The amplifier boosts the power of incoming optical signal. 

EDFAs are usually employed and are commonly used to improve the receiver 

sensitivity. An optical bandpass filter is then used to shape the signal and eliminate 

undesired noise getting into receiver. The receiver is based on a square-law 

photodetector, which is sensitive to optical intensity. The main function of receiver is 

converting optical signal into electrical signal. 

 

3.3 Results 

Figure 3.4 shows our experimental setup for the ASE noise-limited OOK 

system measurements. An Optical OOK modulation format is produced at 10 Gb/s by 

a zero-chirp Lithium Niobate modulator, with the pulse pattern generator (PPG) set to 

produce PRBS patterns of length 2
23

-1. Two modulator schemes as shown in previous 
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OOK encoder section are employed to produce NRZ- and RZ- OOK modulation 

formats. After modulation, the optical signal passes through a variable optical 

attenuator (VOA), and an erbium doped fiber amplifier (EDFA). The VOA is used to 

set the average power input into the optically pre-amplified receiver. The EDFA 

pre-amplifier is followed by an Agilent 86146B unit, which is used to realize the 

tunable bandwidth receiver optical bandpass filter (Rx BPF). The receiver in the 

experimental setup is based on a conventional 10 Gb/s p-i-n photodetector with 

integrated trans-impedance amplifier (TIA), and limiting amplifier (LA), and is 

specified to have a bandwidth of ~ 7 GHz. The receiver output is fed into a 12.5 GHz 

error detector for bit error rate measurement. 

 

Figure 3.4: Experimental setup of our OOK system realized in the lab. 
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Figure 3.5 presents the experimental results that determine the optimum Rx 

bandpass filter bandwidths for NRZ- and RZ- OOK in ASE noise-limited system, 

which shows the BER as a function of Rx BPF bandwidth while OSNR is kept fixed 

at 14 dB/0.1nm and 13 dB/0.1nm for NRZ- and RZ- OOK respectively. The lines 

drawn through the data points serve as guides for the eye. The optimum Rx BPF 

bandwidth is found to be Bopt ~ 12 GHz for NRZ-OOK and 25 GHz for RZ-OOK. 

This figure also shows RZ- enjoys slightly larger than 1 dB OSNR advantage over 

NRZ-OOK for the same BER. 

 

 

 

 

  

  

                    

Figure 3.5: Optimization of Rx BPF for NRZ- and RZ-OOK 

Figure 3.5: Optimization of receiver bandpass filter bandwidth for NRZ- and 
RZ-OOK.  
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Figure 3.6 shows our results for back-to-back optically pre-amplified receiver 

sensitivity measurements, while the receiver bandpass filters set in their optimum 

bandwidth as shown in Fig. 3.5. The receiver sensitivity (BER = 10
-9

) is measured to 

be –38, -37.5 for RZ- and NRZ-OOK, respectively. Thus, RZ performs 1.5 dB better 

compared with NRZ, which is typically observed in practice. 
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Figure 3.6: Receiver sensitivity of NRZ- and RZ-OOK 

 

The dispersion tolerance is obtained by measuring receiver sensitivity with 

different lengths of conventional single mode fiber (SMF) inserted between 

transmitter and VOA. The launch power is fixed at a relatively low value of – 6.5 

dBm to avoid self-phase modulation effects in the fiber. Figure 3.7 shows the 
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measured dispersion tolerance of RZ- and NRZ-OOK modulation formats. RZ-OOK 

has worse dispersion tolerance with 2 dB OSNR penalty happened at 26 Km SMF. 

NRZ-OOK reaches 2 dB OSNR penalty at 45 Km SMF. This can be explained due to 

the naturally wider spectrum bandwidth of RZ-OOK which contains higher spectrum 

frequency components resulting in severer chromatic dispersion.  

 

 

Figure 3.7: Comparison of chromatic dispersion for NRZ- and RZ-OOK 

 

Figure 3.8 shows measured optical spectra for 10 Gb/s NRZ and 50% duty 

cycle RZ. As seen in figure 3.8, RZ occupies roughly twice as much bandwidth as 

NRZ.  
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Figure 3.8: Spectra of NRZ-OOK and 50% duty cycle RZ-OOK. 

 

The results on OOK represented in this chapter serves as a baseline for 

comparison with more advanced modulation formats described in the following 

chapters. 
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Chapter 4  

Optical Duobinary Modulation Formats 

In wavelength-division multiplexing (WDM) transmission systems, the total 

capacity is rapidly approaching 10 Tb/s. This Moore’s Law-like growth in 

transmission capacity is fast exhausting the bandwidth of current optical amplifier 

technologies [93]. If the progress is to continue, new spectrally more efficient 

modulation formats must be developed. In this respect, optical duobinary modulation, 

also known as phase shaped binary modulation, is an attractive modulation format for 

attaining high spectral efficiency in WDM transmission systems [20]. Duobinary 

modulation results in a narrower optical signal spectrum compared to 

non-return-to-zero (NRZ) modulation, which is beneficial for ameliorating the effects 

of fiber dispersion [18, 23], as well as for reducing adjacent channel crosstalk in 

ultra-dense WDM (UDWDM) systems [28]. Duobinary systems also enjoy a cost 

advantage over other advanced modulation formats, such as return-to-zero (RZ) and 

differential phase shift keying (DPSK), since duobinary requires less dispersion 

compensation with transmitters and receivers that are comparable in cost to those used 

in NRZ systems [29, 66, 91]. Previous studies also showed its good tolerant of 

intersymbol interference (ISI) as well [24, 25, 26]. 
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4.1 NRZ-Duobinary 

Electrical duobinary has a long history in RF communications, where it is 

known to give a factor of ~ 2 better spectral efficiency compared to NRZ. When the 

need of lightwave communication system capacity increases, optical NRZ-duobinary 

is also attractive due to its narrow spectral bandwidth, which is about half the 

bandwidth of a conventional binary NRZ intensity modulation (IM) [19, 20, 21].  

A practical approach of an optical duobinary system consists of a precoder 

logical circuit, an encoder realized by a duobinary filter, which converts binary 

signals into three-level electrical duobinary signals, 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 optical duobinary signal. 

 

4.1.1 NRZ-Duobinary Precoder  

The differential precoder is used to avoid recursive decoding in the receiver 

thus avoiding error propagation and reducing hardware complexity [20, 29, 30]. The 

duobinary precoder contains a logic XOR gate with a one bit delay/feedback loop. 

The precoding function can be expressed as: 

                           1��� nnn aba                          (4.1)  

 27



where  is the transmitted binary data sequence.  is the precoded binary 

sequence and 

nb na

�  is the logic XOR gate. In our setup precoder is ignored due to the 

common usage of pseudo-random bit sequences (PRBS) pattern where the precoded 

bit stream is a time-delayed and logic inverted version of the input PRBS bit stream. 

A logic inverter can be put in front of precoder or receiver to correct this issue. 

Fortunately, the logic inversion causes on problem in laboratory setup. Since error 

detectors can still recognize and convert the received inverted data.  

An electrical duobinary precoder and bit sequences at different stages are 

shown in figure 4.1. 

 
Figure 4.1: The production of electrical duobinary signals. 
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4.1.2 NRZ-Duobinary Encoder 

Two optical duobinary encoding schemes, the conventional electrical one bit 

delay-and-add method [18, 23] and a low-pass filtering (LPF) method [31, 32], are 

commonly used.  In our experiment we employ a LPF method, which requires a LPF 

with a 3dB bandwidth approximately equal to one quarter of the bit rate. This LPF is 

equivalent to a one bit delay-and-add operation similar to the conventional scheme. 

The main purpose of this encoding process is converting an electrical binary signal to 

a normalized three levels {0, 1, 2} electrical signal. The equation is shown below by 

adding the current bit to the previous bit. 

                1��� nnn ccd                          (4.2) 

A DC-block is used to remove the DC component, resulting a level shift to 

normalized three levels {-2, 0, 2}. The optical duobinary signals generated using the 

LPF method suppress the optical spectrum sidelobes 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 [5, 7, 25, 21, 33, 34]. 
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Optical NRZ-Duobinary Mach-Zehnder Modulator 
     (biased at null)

~1550 nm

Electrical NRZ 
Data Signal

Laser

 LPF BW ~ B/4

Amp
Vp-p ~ 2V

 
Figure 4.2:  Experimental 10 Gb/s duobinary transmitter, and measured eye diagram 
at different stages. 

An optical duobinary transmitter can be realized with a single MZM. The 

electrical NRZ drive signal is first amplified up to Vp-p ~ 2 V . The MZM is biased at 

a null, so that electrical logical +/- 1 is converted to optical +/- E, where E is the 

optical field amplitude, and electrical logical 0 is converted to optical logical 0. Figure 

4.2 shows the experimental realization of a 10 Gb/s optical duobinary transmitter in 

our laboratory. Note that the optical duobinary levels +/- E both correspond to logical 

1. The phase of the 1 bits is being modulated between 0 and  according to the 

electrical duobinary drive signal, while actually no useful information is encoded in 

this phase modulation [65]. Thus, a conventional square-law intensity photodetector 
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can still be used for the duobinary receiver. However, this scheme requires differential 

encoding of the data source. So why use duobinary modulation? By modulating the 

phase of the logical one bits, duobinary modulation produces a narrower spectrum 

compared to NRZ. ISI distortion is also reduced since bit patterns such as {1 0 1} 

have the ones with opposite phase (i.e. the corresponding optical field amplitude is {– 

E, 0, E}). Thus, if the pulses corresponding to the ones spread out into the zero bit 

time-slot (for example due to fiber dispersion), they tend to cancel each other out. It 

was also shown recently that the quantum limit of an optically pre-amplified receiver 

is about 1 dB better for duobinary compared to NRZ. This again follows from the 

narrow duobinary spectrum, which allows for a much narrower optical filter to be 

used in front of the receiver. Thus, less amplified spontaneous emission (ASE) noise 

enters the receiver for duobinary compared to NRZ. 

 

4.1.3 NRZ-Duobinary Decoder 

A simple decoder by using a square-law detection as simple as OOK decoder 

can be used to receive duobinary signal, shown in figure 4.3. A photodiode can 

convert {-E, 0, +E} optical duobinary signals to binary signals with normalized 

amplitudes {0, 1}, which {-E, +E} all represent logic 1.   
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Figure 4.3:  Decoder/demodulator of optical duobinary 

 

4.1.4 Results 

Figure 4.4 shows our experimental setup for the ASE noise-limited duobinary 

system measurements. Optical duobinary modulation at 10 Gb/s is produced by a 

combination of electrical and optical filtering at the transmitter. The LPF bandwidth is 

fixed at 3.6 GHz, which is close to the theoretical optimum [36]. We employ a 

zero-chirp Lithium Niobate modulator, with the pulse pattern generator (PPG) set to 

produce PRBS patterns of length 2
23

-1. The optical bandpass filter at the transmitter 

(Tx BPF) is realized with an Agilent 86146B optical spectrum analyzer (OSA), 

operated in WDM filter mode [92]. The 86146B can be used as a tunable bandwidth 

optical filter by varying the OSA resolution. After modulation, the optical signal 

passes through a variable optical attenuator (VOA), and an erbium doped fiber 

amplifier (EDFA). The VOA is used to set the average power input into the optically 

pre-amplified receiver. The EDFA pre-amplifier is followed by a second 86146B unit, 

which is used to realize the tunable bandwidth receiver optical bandpass filter (Rx 
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BPF). The receiver in the experimental setup is based on a conventional 10 Gb/s p-i-n 

photodetector with integrated trans-impedance amplifier (TIA), and limiting amplifier 

(LA), and is specified to have a bandwidth of ~ 7 GHz. We also employ a second 

similar receiver with ~ 9 GHz bandwidth in some of the measurements. The receiver 

output is fed into a 12.5 GHz error detector (ED) for BER measurement. 

 

Figure 4.4: Experimental setup for ASE noise-limited measurements. 

 

The experiments that determine the optimum Tx and Rx BPF bandwidths for 

the ASE noise-limited duobinary system are conducted. Figure 4.5 shows the Q factor, 

obtained by measuring BER versus receiver threshold [35], as a function of Rx BPF 

bandwidth. OSNR is kept fixed at 17 dB/0.1nm. The lines drawn through the data 
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points serve as guides for the eye. Several sets of data are shown in Figure 4.5, 

corresponding to different values of Tx BPF bandwidth. The optimum Rx BPF 

bandwidth is found to be Bopt ~ 0.85R, and is relatively independent of Tx BPF 

bandwidth. Thus, in ASE noise-limited regime, the spectrally narrow duobinary signal 

is always best matched by a similarly narrow Rx BPF. However, the performance 

enhancement from narrow optical filtering at the receiver is more dramatic for wider 

Tx BPF bandwidths, which is an indication of additional beneficial pulse shaping 

effects due to narrow optical filtering. 

 

   

Figure 4.5: Measured Q versus receiver optical BPF bandwidth. OSNR is kept fixed 
at 17 dB/0.1nm. 
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Figure 4.6 shows the measured Q factor as a function of Tx BPF bandwidth. 

Several curves are shown, but this time parameterized with different values of Rx 

BPF bandwidth. In this case, the optimum Tx BPF bandwidth is seen to vary, 

depending on the value of Rx BPF bandwidth. As the Rx BPF bandwidth is increased, 

the optimum Tx BPF bandwidth is reduced. Narrow optical filtering at the transmitter 

results in a dramatic improvement in performance when the Rx BPF bandwidth is 

relatively wide ( i.e. > R ). Both Tx and Rx BPFs play a part in optimally shaping the 

duobinary pulse. The optimum point is reached when both Tx and Rx BPF 

bandwidths are near or slightly less than ~ R in agreement with theory [36]. 

 

OSNR fixed at 17dB/0.1nm 

 

Figure 4.6: Measured Q versus transmitter optical BPF bandwidth. OSNR is kept 
fixed at 17 dB/0.1nm. 
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Figure 4.7 shows the optimum Tx and Rx BPF amplitude response, measured 

with 10 pm resolution, as well as the corresponding duobinary spectrum at output of 

Rx BPF. Note that the optical filters, corresponding to the optimum bandwidth points, 

also provide ~ 30 dB isolation at +/- 12.5 GHz. Thus, the same filters could serve as 

the multiplexers and de-multiplexers in UDWDM transmission with 12.5 GHz 

channel spacing at 10 Gb/s per channel. This implies that the duobinary modulation 

format is particularly well suited for UDWDM systems since the ultra-narrow 

UDWDM filter shapes required to suppress adjacent channel crosstalk are also 

optimum for duobinary ASE noise-limited operation. 

 

Figure 4.7 Measured amplitude response for Tx and Rx BPF, and optical signal 
spectrum after Rx BPF for the optimum duobinary system. The frequency axis is 
displayed relative to carrier frequency.  
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In all measurements presented thus far, the duobinary electrical LPF bandwidth 

was fixed at 0.36R to correspond as closely as possible to the theoretical optimum 

value determined in [36]. However, one might expect that the exact optimum value 

for the LPF bandwidth would vary depending on the shape of the optical filters used 

in the experiment (or simulation). Figure 4.8 shows a measurement of Q versus LPF 

bandwidth. The optical filters used in this experiment are the same as those shown in 

figure 4.7, with Tx and Rx optical BPF bandwidths equal to R and 0.85R, respectively. 

OSNR is held constant at 15 dB/0.1nm. As seen in figure 4.8, the optimum LPF 

bandwidth is near ~ 4.5 GHz for the optical filter shapes used in our experiments. 

However, using the theoretically optimum LPF value found in [36] gives a nearly 

optimum performance, the difference being only ~ 0.3 dB Q.  

Interestingly, there is a wide range of LPF bandwidth values ~ 0.36R to 0.6R 

that give roughly similar performance. This indicates that most of the work in creating 

the duobinary bit correlation is performed by the narrow optical filters at the 

transmitter and receiver. Indeed, an electrical LPF may not be needed at all if the 

optical filters are narrow enough. For example, a single ultra-narrow optical filter at 

the receiver with Bopt ~ 0.6R was found to be sufficient to produce a duobinary signal 

from a DPSK signal, with excellent ASE noise-limited performance [37]. 
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Figure 4.8: Measurement of Q as a function of electrical LPF bandwidth. OSNR is 
kept fixed at 15 dB/0.1nm. 

 

One possible drawback of using narrow bandwidth optical filtering to tailor the 

optimum duobinary pulse shape is the penalty that may be incurred when the carrier 

frequency drifts away from the filter center frequency. Since both the transmitter laser 

and optical filters can drift off the ITU grid due to aging and/or environmental factors, 

this effect must be considered in the design of an optimum duobinary system. Figure 

4.9 shows a measurement of Q versus transmitter carrier frequency detuning for the 

optimum duobinary system. In this experiment, OSNR is fixed at 15 dB/0.1nm, while 

the transmitter laser wavelength is tuned in steps of ~ 2 pm. This measurement shows 

that the carrier frequency must be aligned to the optical filters with +/- 0.5 GHz 
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accuracy over the lifetime of the system to ensure less than 0.5 dB Q penalty.  

The technology already exists for locking the DFB laser wavelength to the ITU 

grid with ~ +/- 2 pm (+/- 0.25 GHz) accuracy over the system lifetime [38]. Since the 

wavelength locking sub-systems themselves depend on a very stable narrow optical 

frequency discriminating filter as the basis for their operation, it is reasonable to 

presume that optical filters can be locked to the ITU grid with similar or better 

accuracy. 

 

 

Figure 4.9: Measurement of Q as a function of carrier frequency detuning from 
optimum. OSNR is kept fixed at 15 dB/0.1nm. 
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Since the optimum duobinary generating LPF bandwidth, Tx and Rx bandpass 

filter bandwidth are obtained, the performance comparisons are conducted below. 

Figure 4.10 shows our results for back-to-back (B2B) optically pre-amplified receiver 

sensitivity measurements. The optical BPF bandwidth for NRZ and RZ is set close to 

optimum at 15 GHz and 23 GHz, respectively. The BPF bandwidth for conventional 

duobinary ( Conv. Duob.) is purposefully kept the same as for NRZ, to maintain the 

typical setup used in previously demonstrated duobinary systems. The receiver 

sensitivity for optimum duobinary (Opt. Duob.), with LPF, Tx BPF, and Rx BPF 

bandwidth values set close to the theoretical optimum [39], is also shown in figure 

4.10. The measured eye diagrams shown in figure 4.10 are taken after the receiver 

BPF for each modulation format, with optical signal-to-noise ratio (OSNR) set to its 

maximum value.  

The receiver sensitivity (BER = 10
-9

) is measured to be –38, -36.2, and –32.6 

dBm for RZ, NRZ, and conventional duobinary, respectively. Thus, RZ performs 1.8 

dB better than NRZ, which is in turn 3.6 dB better than conventional duobinary. These 

measurements confirm the widely held belief regarding the relative performance of 

RZ, NRZ and duobinary [14, 22, 90]. However, our optimum duobinary receiver 

sensitivity measurement results provide unambiguous evidence to the contrary. The 
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optimum duobinary system achieves a receiver sensitivity of – 37 dBm, which is ~ 4.4 

dB better compared to conventional duobinary. More importantly, optimum duobinary 

surpasses NRZ, and comes to within only ~ 1 dB of RZ. Note that the OSNR in our 

experiment corresponding to the RZ sensitivity of –38 dBm is 13.5 dB/0.1nm, which 

is close to the quantum limit for RZ/NRZ. 

 

Figure 4.10: Optically pre-amplified receiver sensitivities and eye diagrams for RZ 
(circles), NRZ (diamonds), conventional duobinary (squares), and optimum duobinary 
(triangles). The eye diagrams are measured after the receiver optical bandpass filter. 

 

Conventional LPF generated duobinary suffers an ASE noise-limited receiver 

sensitivity penalty compared to NRZ due to its pulse shape, which has an eye crossing 

level higher than NRZ, and a narrower space valley [27]. We have demonstrated that 

this is not a fundamental limitation for duobinary. It is possible to optimize the 
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duobinary pulse shape to have its crossing level near 50%, while widening the space 

valley, as can be clearly seen in comparing the eyes shown in figure 4.10 for optimal 

and conventional duobinary. Moreover, the narrow bandwidth 8.5 GHz Rx BPF, 

which plays an important role in beneficially shaping the optimum duobinary signal, 

also serves to reduce the amount of ASE noise that enters the receiver. It is this 

unique combination of beneficial pulse shaping, and ASE noise reduction that results 

in excellent ASE noise-limited performance.  

The dispersion tolerance is obtained by measuring receiver sensitivity with 

different lengths of conventional single mode fiber (SMF) inserted between 

transmitter and VOA. The launch power is fixed at a relatively low value of – 6.5 

dBm to avoid self-phase modulation effects in the fiber. Figure 4.11 shows the 

measured dispersion tolerance of the different modulation formats. Conventional 

duobinary has the best dispersion tolerance. RZ has the worst dispersion tolerance, 

with NRZ slightly better. However, RZ and NRZ still beat conventional duobinary at 

SMF distances up to ~ 40-50 km due to their great advantage in ASE noise-tolerance. 

The most striking result in figure 4.11 is the performance of optimum duobinary. 

While occupying only ~ 1/4 as much spectral real estate as RZ, optimum duobinary 

almost reaches RZ performance B2B, and already surpasses it after ~ 20 km of SMF. 
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Figure 4.11: Optically pre-amplified receiver sensitivities as a function of SMF 
transmission distance. 

 

From figure 4.11, we can also see that the pulse shape improves with dispersion 

for the conventional duobinary system up to ~ 100km SMF, and receiver sensitivity 

improves as well. In contrast, the optimum duobinary pulse shape degrades with 

dispersion, and receiver sensitivity suffers a ~ 1 dB penalty at 120km SMF. However, 

despite the dispersion penalty, optimum duobinary maintains a ~ 2 dB advantage over 

conventional duobinary even at 120km SMF.  

Why is it that fiber dispersion of up to ~ 100km SMF produces beneficial pulse 

shaping for conventional duobinary, while degrading the optimum duobinary signal? 

Our studies of narrow optical filtering can provide a qualitative answer. In the linear 
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transmission regime, it is possible to define a fiber transfer function for optical pulses, 

which has the same effect as an optical bandpass filter with bandwidth inversely 

proportional to transmission distance L [10]. Thus, conventional duobinary pulse 

shape benefits from additional optical filtering produced by fiber dispersion up to L ~ 

100km. The optimum duobinary pulse shape is already optimized in terms of optical 

filtering. Thus, any additional optical filtering effects induced by fiber dispersion, 

which become noticeable at L ~ 100 km, tend to degrade the optimum duobinary 

signal. 

We plot the spectrum of duobinary compared with NRZ-OOK and 50% duty 

cycle RZ-OOK. In figure 4.12, we can see that duobinary has the narrowest spectrum, 

which is approximately half of the NRZ-OOK signal spectrum. The narrower the 

spectrum (i.e. the less component of frequency it carriers) would enhance the 

tolerance of chromatic dispersion. The narrow spectrum not only allows packing more 

WDM channels in a signal fiber, but also allows tighter optical filtering, which also 

reduce the noise from receiving by receiver more. Another characteristic is that the 

optical carrier tone/frequency is absent from the duobinary spectrum.   
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Figure 4.12: Measured signal spectra for 10 Gb/s RZ (black), NRZ (blue), and 
duobinary (red). Note that frequency axis is displayed relative to the optical carrier 
frequency. The spectra are captured using an optical spectrum analyzer with ~ 10 pm 
resolution. 
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4.2 RZ-Duobinary 

An important choice in the design and optimization of any optical modulation 

format is the pulse shape to be used. For practical reasons, this choice often boils 

down to return-to-zero (RZ) versus nonreturn-to-zero (NRZ) pulse shapes, with 

possible variations in duty cycle. Much previous research has focused on comparing 

RZ versus NRZ pulse shapes for on–off keyed (OOK) transmission [15, 90, 94]. In 

particular, we now know that RZ-OOK enjoys an 1–2 dB advantage over NRZ-OOK 

in amplified spontaneous emission (ASE) noise limited systems due to an inherent 

tolerance of the RZ-OOK pulse shape to ISI in the receiver [41]. A similar conclusion 

was found to hold true for the differential phase-shift keying format [95]. Interestingly, 

while the duobinary format has been studied extensively for many years now [20, 23, 

29, 36, 91, 96, 97], there is a lack of experimental data on a direct comparison 

between RZ and NRZ pulse shapes in duobinary transmission. In this dissertation, we 

attempt to fill this knowledge gap by conducting systematic experimental studies on 

RZ versus NRZ pulse shapes in duobinary transmission systems that are dominated by 

ASE noise, fiber chromatic dispersion, and self-phase modulation (SPM). Our 

experiments are designed to isolate various transmission impairments, thus providing 

physical insight into the optimum pulse shape for duobinary transmission under 

 46



different transmission conditions. 

 

4.2.1 RZ-Duobinary Precoder and Decoder 

RZ-duobinary shares the same decoding and decoding processes with 

NRZ-duobinary. Please refer to chapter 4.1.1 and 4.1.3 for NRZ-duobinary precoder 

and decoder. 

4.2.2 RZ-Duobinary Encoder 

An RZ-duobinary signal can be generated similarly by incorporating a pulse 

carver modulator, as shown in Fig. 4.13, to produce an RZ pulse train (instead of 

continuous wave) input into the NRZ-duobinary modulator. 

 

Figure 4.13: Schematic diagram of an RZ-duobinary transmitter and measured output 
eye at 10 Gb/s. 
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4.2.3 Results 

Fig. 4.14 shows our 10-Gb/s transmitter setup for generating RZ- and 

NRZ-duobinary modulation. A DFB laser emits an optical carrier wave at ~1550 nm, 

which is modulated in two stages to produce RZ (in one stage for NRZ). First, a 

periodic RZ pulse train with 50% duty cycle is produced by driving an x-cut lithium 

niobate MZM, which is biased at quadrature, with the CLOCK signal from a 

pulse-pattern generator that is amplified to ~V�. The duobinary data is impressed on 

the RZ pulse train in a second-stage MZM, which is physically identical to the first 

but biased at a null, and driven with an electrical duobinary signal that is amplified to 

~2V�. The duobinary LPF bandwidth is varied in our experiments by employing 

different-bandwidth Bessel–Thomson-type filters that were obtained from the same 

manufacturer. The RZ- or NRZ-duobinary optical signal is fed into a variable optical 

attenuator (VOA1), which controls the launch power into conventional single-mode 

fiber (SMF) spools of variable lengths. A second variable optical attenuator (VOA2) 

sets the input optical power into an erbium-doped fiber amplifier (EDFA). An optical 

spectrum analyzer monitors the optical signal-to-noise ratio (OSNR) at the output of 

the EDFA. The EDFA optical preamplifier is followed by a variable-bandwidth 

optical filter based on free-space grating technology. The receiver in the experimental 
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setup is a commercially available 10-Gb/s p-type-intrinsic-n-type (p-i-n) 

photodetector with integrated transimpedance amplifier and limiting amplifier and is 

specified to have an electrical bandwidth of 9 GHz. This represents a typical receiver 

for 10-G transmission systems. The p-i-n receiver output is fed into a 12.5-GHz error 

detector. Clock recovery (CR) is achieved by taping off a fraction of the optical signal 

at the input to the p-i-n detector into a commercial instrumental receiver that includes 

CR circuitry. 

 

 

Figure 4.14: Experiment setup of 10-Gb/s NRZ-duobinary transmitter and direct 
detection. 
 

Fig. 4.15 shows the measured spectra at 10 Gb/s for RZ- and NRZ-duobinary 

and OOK for comparison. As with the NRZ-duobinary, the RZ-duobinary shows a 
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clear spectral compression compared to its OOK counterpart. This spectral 

compression results in better dispersion tolerance for duobinary compared to OOK 

[40]. We also note that the RZ-duobinary spectrum is significantly broader compared 

with the NRZ duobinary one. In the case of OOK, the wider spectral content of RZ 

creates a pulse shape that is more tolerant to ISI in the receiver and, hence, to a 1–2 

dB advantage in performance compared with the NRZ [41]. This begs the following 

question: should we see a similar benefit for RZ-duobinary? 
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Figure 4.15: Spectra of different modulation Formats 

A key element in the duobinary transmitter is the duobinary generating 

electrical LPF. Thus, to ensure a fair comparison between RZ and NRZ pulse shapes, 

we conduct measurements of bit-error-rate-equivalent Q-factor versus LPF bandwidth 
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in an ASE-noise-loaded system. The measured Q-factor versus LPF bandwidth, with 

the OSNR fixed at 14 dB/0.1 nm, is shown in figure 4.16.  

 

 

Figure 4.16: Optimization of LPF bandwidth for RZ- and NRZ-duobinary, with 
Optical filter fixed at either 7 GHz or 39 GHz 

 

Two sets of data are shown for both RZ and NRZ pulse shapes, corresponding 

to receiver optical filter bandwidths of 39 and 7 GHz. We see that, for a relatively 

wide 39-GHz optical filter, the optimum LPF bandwidth is close to a quarter of the bit 

rate (2.8 GHz in our experiments) for both RZ- and NRZ-duobinary. In this case, the 

RZ pulse shape enjoys a ~2–3 dBQ advantage in performance. However, we find that 

the back-to-back (B2B) performance can be greatly improved by employing a narrow 
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7-GHz optical filter in tandem with an LPF bandwidth that is significantly greater 

than a quarter of the bit rate. In this optimum regime, the NRZ pulse shape shows 

slightly better performance compared with RZ. The overall optimum LPF bandwidth, 

which was obtained with a nearly matched optical filter, is roughly 34% and 40% of 

the bit rate for RZ- and NRZ-duobinary, respectively. 

 

Fig. 4.17 shows measurements of the Q-factor versus receiver optical filter 

bandwidth in ASE-noise-limited regime, with the RZ- and NRZ- duobinary LPF 

bandwidths fixed at 3.4 GHz. The corresponding computer simulation results, which 

were obtained using the OptSim software, are also plotted for comparison. There are 

several interesting features in the data. First, we observe two distinct maxima in the 

B2B Q-factor versus optical filter bandwidth curve for RZ-duobinary. The more 

optimum peak occurs at the same narrow optical bandwidth (�7 GHz, as predicted by 

the theory) for both RZ- and NRZ-duobinary. However, RZ-duobinary also shows a 

second peak at an optical bandwidth that is roughly twice the bit rate. The second 

peak corresponds to a “matched” filter for the RZ pulse shape, which unfortunately 

does not correspond to the optimum duobinary pulse shape. Indeed, the data in Fig. 

4.17 clearly shows that the RZ-duobinary obtains its optimum ASE-noise-limited 

performance at the same optical filter bandwidth as NRZ duobinary, where the 
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RZ-duobinary pulse shape is actually converted into an NRZ-duobinary by the ultra 

narrow optical filtering process. This provides clear evidence in favor of the NRZ 

pulse shape for duobinary systems that are limited by ASE noise. Indeed, the smooth 

single-lobe NRZ-duobinary spectrum is well matched to a Gaussian-shaped optical 

filter. 

 

 

Figure 4.17: Measurement and simulation results of receiver sensitivity 

An experimental comparison of dispersion tolerance for NRZ- and 

RZ-duobinary is shown in Fig. 4.18, where the Q factor is measured as a function of 

SMF (D � 17 ps/nm/km) distance with the OSNR fixed at 14 dB/0.1 nm. To avoid 

nonlinear effects in this experiment, the launch power into SMF is reduced to a 
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relatively low value of ~ �5 dBm using VOA1 in Fig. 4.14, while OSNR is controlled 

with VOA2. We observe that the NRZ-duobinary is able to span 100 km of SMF with 

no dispersion penalty, while the RZ-duobinary suffers a ~2 dBQ penalty. Thus, while 

the RZ-to-NRZ duobinary conversion at the receiver using ultra narrow optical 

filtering is sufficient to give roughly the same performance B2B, there are still some 

high-frequency components that are present in the RZ-duobinary spectral sidelobes 

(generated as a result of the RZ modulation process) that may leak into the filter 

bandwidth to produce the greater dispersion penalty for RZ-duobinary compared with 

NRZ-duobinary. 

 

 

Figure 4.18: Dispersion penalty of RZ- and NRZ-duobinary 
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Fig. 4.19 shows our setup for studying the impact of SPM. To generate 

sufficient SPM, we transmit the duobinary signal through two spans, each composed 

of 11.4-km DCF, followed by 70-km SMF. The overall dispersion is roughly balanced 

at the receiver. Note that in order to increase the SPM effect, we launch high power 

into the DCF, which has a factor of ~5 greater nonlinearity coefficient compared with 

SMF [42]. By launching P ~10 dBm into each span, we achieve a significant effective 

nonlinear phase shift of ~1 rad. The VOA before the last EDFA is used to keep the 

received OSNR fixed at 14 dB/0.1 nm.  

 

 

Figure 4.19: Experimental setup of self phase modulation effect on duobinary 

Figs. 4.20 and 4.21 show the measured Q-factor versus optical filter bandwidth 

for RZ- and NRZ-duobinary, respectively, with the LPF bandwidth fixed at 3.4 GHz. 

The lines that were drawn through the data points are included as guides for the eye. 

We plot a series of data corresponding to different launch powers and, thus, different 

amounts of SPM-induced nonlinear phase shift. As shown in Fig. 4.20, in the case of 

RZ-duobinary, SPM clearly hurts the performance even at a relatively modest launch 
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power of 4 dBm. RZ-duobinary suffers a ~1 dBQ penalty at a launch power of 10 

dBm.  

 

 

Figure 4.20: Experiment results of SPM effect on RZ-duobinary 

In the contrast to RZ-duobinary, the performance of NRZ-duobinary initially 

improves as the launch power increases [43]. Even at a high launch power of 10 dBm, 

the NRZ-duobinary shows an improvement in Q-factor compared with B2B. The 

optimum NRZ-duobinary performance is obtained at a launch power of 7 dBm, where 

NRZ-duobinary outperforms RZ-duobinary by ~1.5 dBQ, shown in figure 4.21. These 

measurements demonstrate that the SPM nonlinearity can, in fact, be utilized to 
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improve the NRZ-duobinary system performance, as long as the launch power is 

properly controlled. The SPM seems to provide a beneficial pulse-shaping mechanism 

for NRZ-duobinary [44]. On the other hand, the spectral sidelobes in the 

RZ-duobinary optical spectrum may contribute to its relatively poor tolerance to SPM. 

The SPM nonlinearity tends to broaden the signal spectrum, including a broadening of 

the sidelobes in RZ-duobinary. Thus, additional high-frequency components are 

“aliased” from the sidelobes into the main duobinary spectral lobe, producing 

deleterious distortion for RZ-duobinary. 

 

 

Figure 4.21: Experiment results of SPM effect on NRZ-duobinary 
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Chapter 5  

Phase Modulation Formats 

Phase modulation formats are an attractive alternative other than intensity 

modulation formats, which may provide better spectral efficiency.  Differential 

phase-shift keying (DPSK) modulation, differential quadrature phase-shift keying 

(DQPSK), and polarization multiplexing differential phase-shift keying (PolMul 

DQPSK) modulation are covered in this character.  

5.1 Differential Phase Shift Keying (DPSK) 

Differential phase-shift keying (DPSK) is emerging as an important modulation 

format for fiber-optic communication systems [44]. In DPSK, information is encoded 

by impressing phase shifts onto an optical carrier wave. A critical element in any 

DPSK system is the demodulator, which converts phase modulation into intensity 

modulation for detection at the receiver. The most common DPSK demodulator is 

based on a Mach–Zehnder interferometer with a bit period delay between the two 

arms [49]. This arrangement can be used for single-ended direct detection, or 

balanced detection, by utilizing both constructive and destructive interferometer 

output ports [48]. DPSK with balanced detection yields a 3-dB advantage in amplified 
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spontaneous emission (ASE) noise-limited performance over ON–OFF keying (OOK) 

[57]. However, this advantage in performance must be weighed against the increased 

complexity and cost of the Mach–Zehnder interferometer with balanced detection. It 

would be highly desirable to develop a DPSK demodulator for direct detection, which 

also maintains an ASE noise-limited performance advantage over OOK. An 

interesting recent proposal involves using phase-to-polarization conversion followed 

by a polarizer and direct detection [56].However, this scheme shows equivalent 

receiver sensitivity to OOK. In this work, we demonstrate a 10-Gb/s DPSK 

demodulator based on an optical discriminator filter followed by direct detection. 

While this technique is well known [52-54], it has received relatively little attention 

compared to the delay interferometer. The discriminator filter demodulator is suitable 

for integrating the functions of wavelength-division-multiplexing (WDM) 

demultiplexing, ASE noise suppression, and DPSK demodulation in a single filter 

element. Furthermore, our study shows that this DPSK demodulation scheme may 

hold a significant ASE noise-limited performance advantage over OOK, even though 

conventional direct detection is used. 
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5.1.1 DPSK Precoder 

A precoder is needed at transmitter side in order to recover the transmitted data 

at the receiver side [21, 45]. Fig. 5.1 shows an optical DPSK system with a precoder 

scheme on the bottom left. The precoder contains a XOR gate with a one bit delay 

feedback loop form its output. The precoding function could be expressed as: 

�� 1�KKK bab                                (5.1) 

where {0, 1} is the original transmitted binary data sequence. {0, 1} is the 

precoded binary sequence and 

�Ka �Kb

�  is logic XOR gate. After a DC block and an 

amplifier,  sequence is shifted to Kb �Kc {+1, -1}, which is used to drive DPSK 

modulator. 

 

Ka  

Laser DPSK 
Transmitter

DPSK  
Receiver 

T

Kb  Kc

0
1

- 1
+1

Precoder 

0
1

Figure 5.1: Scheme diagram of a DPSK transmitter 
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Table 1 illustrates how digital signals are converted at different stages of a 

DPSK transmission system. A reference bit is needed to initial the differential 

encoding process. This reference bit could be set to logic “0” or “1”. In our case, we 

set it to be logic “0” at the instant 1� �K . 

 

Time instant K  -1 0 1 2 3 4 5 6 
Transmitted data  Ka  0 1 1 0 1 0 0 
Diff. Encoded data  Kb 0 0 1 0 0 1 1 1 
MZM drive signal  Kc -1 -1 +1 -1 -1 +1 +1 +1 
MZM drive voltage �V� -V� -V� +V� -V� -V� +V  � +V  � +V�

MZM electric field E�  + E + E - E  + E + E - E  - E  - E  
Transmitted phase �  0 0 �  0 0 �  �  �  

Phase difference �   0 �  �  0 �  0 0 

Table 1: Different digital signals at different stage for DPSK modulation 

 

5.1.2 DPSK Encoder 

DPSK (or more correctly NRZ-DPSK) can be generated using a single MZM. 

The MZM must be biased at a null, and the electrical NRZ drive signal amplitude is 

amplified to 2V [46, 47, 48]. The output phase actually varies between 0 and  for 

successive intensity peaks in the MZM transmission curve. Thus, by biasing the MZM 

at a null, and using a high-power RF driver amplifier with Vp-p ~ 2V  we can 

modulate the output phase between 0 and , producing an optical phase-shift-keying 

 61



(PSK) signal. When the electrical data signal is differentially encoded prior to the 

MZM driver amplifier, the MZM optical output becomes DPSK. Figure 5.2 shows the 

experimental 10 Gb/s DPSK transmitter realized in our laboratory. 

 

Mach-Zehnder Modulator 
(biased at null)

~1550 nm

Electrical NRZ 
Data Signal

Laser

Amp

V ~ 2Vpi

Optical DPSK

Measured 10 Gb/s DPSK Signal

Mach-Zehnder Modulator 
(biased at null)

~1550 nm

Electrical NRZ 
Data Signal

LaserLaser

AmpAmp

V ~ 2Vpi

Optical DPSK

Measured 10 Gb/s DPSK Signal

Figure 5.2: Experimental 10 Gb/s DPSK transmitter, and measured DPSK eye 
diagram. 

Employing an intensity modulator (instead of a pure phase modulator) to 

generate optical DPSK has the advantage that exact �-phase shifts are produced. 

However, as can be seen in figure 5.2, some residual intensity modulation is present in 

the signal. This usually poses no problems in decoding the DPSK signal at the 

receiver since the residual intensity modulation occurs between the bits (i.e. at the bit 

boundaries). Note that DPSK can also be produced with RZ pulses by employing an 

RZ pulse carver in addition to the DPSK modulator shown in figure 5.2. In this case, 
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the transmitter output is a periodic RZ pulse train, with the phase of each pulse 

modulated between 0 and � according to the data. Thus, there are actually two flavors 

of DPSK: so-called NRZ-DPSK and RZ-DPSK. In the following discussions, the 

reader may assume that DPSK always refers to NRZ-DPSK. 

5.1.3 DPSK Decoder 

A critical element in any phase modulator system is the demodulator, which 

converts phase modulation into intensity modulation for detection by photodiode. Two 

types of DPSK receivers are shown in figure 5.3. The conventional DPSK 

demodulator is based on a Mach-Zehnder delay interferometer (MZDI) with 1-bit 

delay in one arm and followed by either two identical photodiodes for balanced 

detection [ 47, 49, 50, 57], as shown in Fig. 5.3(a) or simply one photodiode for direct 

detection (single-end detection) at either one of the two output ports of delay 

interferometer. However, balanced detection yields a 3-dB receiver sensitivity over 

single-end detection. In this configuration, MZDI plays an important part of 

demodulation. First, the difference of two uneven arm lengths should be equal to one 

bit period, which is determined by the baud rate of transmitter. The one bit delay 

MZDI enable interference occurred between two adjacent bits, which also turns phase 

modulation into intensity modulation. Second, the two arms should have roughly 
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equal power at the output of MZDI to gain the best efficiency of interferometer. One 

(or two) of the arms is heated by micro-heater to control the optical phase (i.e. the 

optical path length) in order to gain a constructive interference, where there is optical 

power presented, in one output and a destructive interference, where optical power is 

absent, in another output.  

Balanced Detection 

 (a) 

 

DWDM and 
ASE Filter T

Delay
Interferometer

DPSK

Signal

Direct Detection 

CDRDPSK Signal 

and Demodulator 
DWDM/ASE Filter 

(b) 

Figure 5.3: (a) Conventional DPSK demodulator, and (b) Our approach (as simple as 
NRZ)-discriminator filter followed by direct detection  
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Our proposed DPSK demodulator based on an optical discriminator filter 

followed by direct detection is shown in Fig. 5.3(b). While this technique is well 

known [51, 52, 53, 54, 56, 58], it has received relatively little attention compared to 

the delay interferometer. The discriminator filter demodulator has a potential 

advantage: a possibility for integrating the functions of ASE noise suppression, 

wavelength-division-multiplexing (WDM) demultiplexing, and DPSK demodulation 

in a single filter element. Furthermore, we show below that this DPSK demodulation 

scheme may hold a significant ASE noise-limited performance advantage over OOK, 

even though conventional direct detection is used. 

 

5.1.4 Results 

Fig. 5.4 shows our experimental setup of DPSK transmission system. 

Nonreturn-to-zero (NRZ)-DPSK modulation is produced at 10 Gb/s by driving an 

x-cut Lithium Niobate modulator, biased at a null, with electrical NRZ data of ~

amplitude. The pulse-pattern generator is set to produce pseudorandom binary 

sequence pattern of length 

�V2  

1223 � . After modulation, the optical signal passes 

through a variable optical attenuator (VOA) and an erbium-doped fiber amplifier 

(EDFA). The VOA is used to set the optical power into the EDFA optically 

preamplified receiver. An ultranarrow optical bandpass filter (BPF) follows the EDFA. 
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The optical BPF has a full-width at half-maximum (FWHM) bandwidth of 6.2 GHz, 

and serves the dual purpose of ASE noise rejection and DPSK demodulation. The 

optical BPF is realized with an Agilent 86146B optical spectrum analyzer (OSA), 

operated in WDM filter mode.  

Figure 5.4: Experimental setup of DPSK and two eye diagrams before/after optical 
BPF are shown. 
 

The inset in Fig 5.4 shows the NRZ-DPSK spectrum, measured with 10-pm 

resolution, before and after the optical BPF. The ultranarrow optical BPF operates as 

a frequency discriminator [58], demodulating the DPSK signal into an intensity 
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modulated signal. From another point of view, the optical BPF effectively carves out 

a duobinary spectrum from the original DPSK [53]. The receiver chain in our 

experimental setup employs a commercial p-i-n photodetector with integrated 

transimpedance amplifier, and a limiting amplifier (LA), followed by a 12.5-GHz 

error detector (ED). The receiver is specified to have a 9-GHz electrical bandwidth. 

Both LA threshold voltage and ED sampling instant are optimized for each 

measurement of bit-error rate (BER). 

Fig. 5.5 shows the measured receiver sensitivity and demodulated eye diagram 

for the NRZ-DPSK and NRZ-OOK. To ensure a fair comparison, an optical BPF with 

FWHM bandwidth of 15 GHz is used for NRZ-OOK. The electrical bandwidth of 

9 GHz and optical BPF bandwidth of �eB 15�oB GHz are close to theoretical 

optimum for NRZ-OOK [13]. The eye diagram shown in Fig. 5.5 for NRZ-OOK is 

taken after the 15-GHz optical BPF. Using the optical BPF frequency discriminator 

technique, we achieve a receiver sensitivity of -37.4 dBm for NRZ-DPSK, 

corresponding to optical signal-to-noise ratio (OSNR) =14.1 dB/0.1nm. In 

comparison, the NRZ-OOK measures a receiver sensitivity of -36.2 dBm, 

corresponding to OSNR= 15.3 dB/0.1 nm. Thus, despite using direct detection, the 

NRZ-DPSK achieves 1.2 dB better ASE noise-limited performance compared to 
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NRZ-OOK. The reason for the superior ASE noise-limited performance for 

NRZ-DPSK in our experiment lies in the ultranarrow optical BPF used to demodulate 

the DPSK signal, which is also very effective in blocking ASE noise from reaching 

the p-i-n receiver. It is not possible to use such a narrow optical BPF for ASE noise 

suppression in NRZ-OOK, as it would result in severe penalty due to intersymbol 

interference [14]. 
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Figure 5.5: Measured receiver sensitivity for DPSK (triangles) and NRZ-OOK 
(squares). Corresponding measured eye diagrams are also shown. 

 

The above results and analysis beg the following question: Is the 1.2-dB gain 

that we see for NRZ-DPSK over NRZ-OOK a fundamental advantage, or just an 

artifact of a suboptimum NRZ-OOK system? The former hypothesis is supported by 
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recent theoretical work by Bosco et al. [36], which proves that the quantum limit for 

duobinary is 1 dB below OOK in ASE noise-limited regime. The connection with 

duobinary is plausible since the optical discriminator BPF converts NRZ-DPSK into 

an NRZ-duobinary signal at the receiver. Of course, we cannot rule out the possibility 

that our receiver is somehow biased against NRZ-OOK, although the optical and 

electrical receiver bandwidths used for the NRZ-OOK measurements are very close to 

the theoretical optimum values 14�oB GHz and 5.8�eB GHz [13]. Moreover, 

according to [55], the NRZ-OOK system would have to be significantly off from the 

optimum to explain a 1.2-dB difference. For example, the optical bandwidth can be 

anywhere from 10 to 20 GHz with only a ~0.5-dB penalty relative to the optimum 

(see [14, Fig. 2]). Thus, the experimental evidence points to a fundamental 1-dB 

advantage for NRZ-DPSK, although more work is needed to give a definitive answer. 

Fig. 5.6 shows a measurement of BER-equivalent Q–factor for DPSK as a 

function of optical BPF demodulator bandwidth. Two distinct 86146B units, each 

with slightly different filter bandwidths (due to manufacturing tolerances), are used to 

realize the various filter bandwidths corresponding to the data points in Fig.5.6. For 

comparison, we also plot simulation results obtained with Optsim commercial 

software package, where the optical BPFs are modeled by Gaussian (dashed line) and 
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fifth-order Bessel (solid line) filter shapes. In both measurements and simulations, 

OSNR is kept fixed at 14 dB/0.1 nm. Fig. 5.6 also shows the measured eye diagrams 

corresponding to several different BPF bandwidths. The optimum demodulator BPF 

bandwidth is found to be near ~6 GHz. Using a narrower bandwidth leads to eye 

closure, while a wider bandwidth results in a less efficient frequency discriminator. 
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Fig. 5.7 shows the amplitude response of the 6.2-GHz BPF used in the 

experiment, as well as the corresponding Gaussian and Bessel filter models. The 

Simulation (Bessel)
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Bessel model approximates more closely the 86146B filter shape, and also gives 

slightly better agreement between simulated and measured Q as a function of BPF 

bandwidth.  

 

 

Figure 5.7: Measured amplitude response for 86 146B optical BPF with 6.2-GHz 
bandwidth. The corresponding Gaussian and Bessel filter models used in the 
simulations are also shown for comparison.  
 

Fig. 5.8 shows a measurement of BER-equivalent Q-factor as a function of 

DPSK carrier frequency detuning from optimum. In this measurement, OSNR is kept 

fixed at 14 dB/0.1 nm while the DFB laser transmitter wavelength is varied in 

increments of 1 pm. As seen in Fig. 5.8, the laser transmitter wavelength and optical 

BPF must be aligned with � 0.6-GHz accuracy over the lifetime of the system to 

ensure less than ~0.5-dB Q-penalty. Although such a strict requirement on frequency 
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stability is challenging, it should be technically feasible [38]. Finally, we note that the 

conventional DPSK demodulator based on delay-interferometer has similarly strict 

requirements on frequency stability [55]. 

 

 

Figure 5.8: Measured Q as a function of transmitter laser frequency detuning. 

 

Figure 5.9 compares the measured 10 Gb/s optical spectra of the different 

modulation formats described above. The spectra are measured using an optical 

spectrum analyzer (OSA) with ~ 10 pm (or ~ 1 GHz) resolution. RZ modulation has 

the broadest spectrum, about a factor of two wider than NRZ. Duobinary clearly has 

the narrowest spectrum. Thus, we expect duobinary to give the best spectral efficiency, 

i.e. the tightest packing of WDM channels on a single optical fiber. The DPSK 
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spectrum is similar to NRZ, except for the absence of a carrier tone. DPSK 

modulation has a lower peak power compared to NRZ, and thus, reduced nonlinear 

effects. Moreover, the DPSK 3 dB advantage in receiver sensitivity makes it possible 

to lower the launch power of WDM channels to further reduce nonlinear effects. Thus, 

both DPSK and duobinary have some interesting features that need to be explored 

further to determine which modulation format is more optimal for ultra-dense WDM 

(UDWDM). 

 

 

 

 

 

 

 

 

 

Figure 5.9:  Measured 10 Gb/s optical spectra for RZ (black), NRZ (blue), DPSK 
(green), and duobinary (red). OSA resolution is ~ 10 pm. Note that frequency axis is 
plotted relative to carrier frequency. 
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5.2 Differential Quadrature Phase Shift Keying (DQPSK) 

The development of advanced multilevel modulation and detection technologies 

is important for enabling efficient lightwave transmission of high-bit rate services, 

such as 40G Synchronous Optical Network (SONET/SDH) and 100G Ethernet. 

Multilevel modulation formats allow signal-channel data rates to exceed the limits of 

high-speed optoelectronics technology. As multilevel intensity modulation formats 

have proven not beneficial for optical fiber transmission application so far, mainly due 

to a back-to-back receiver sensitivity penalty compared to binary on-off-keying. 

Differential Quadrature Phase Shift Keying (DQPSK) has received considerable 

attention recently [59, 60, 61, 71, 81] and is one of the most promising multilevel 

optical modulation formats [64, 67, 68, 69, 78]. In DQPSK transmission, information 

is encoded into optical phase shifts in both quadratures of the optical carrier, thus 

doubling spectral efficiency compared to binary modulation formats such as 

differential phase shift keying (DPSK) [75, 76, 77]. The DQPSK demodulator is a key 

component for converting the optical phase modulation into intensity modulation for 

square-law detection at the receiver. The conventional “self-homodyne” DQPSK 

receiver includes two Mach-Zehnder delay interferometers (DIs) for demodulation of 

each quadrature, followed by balanced detection [46, 60, 61, 62]. The two DIs each 
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have a delay of a symbol period Ts, but must be phase shifted differently (by +/- �/4) 

to decode the two signal quadratures correctly. Note that the opposite phases of the 

two DIs are equivalent to opposite frequency detuning of �f = +/- S/8 relative to 

signal, where S = 1/Ts is the symbol rate.  

In this dissertation we demonstrate experimentally a lower complexity DQPSK 

demodulator, which also provides for a significantly greater tolerance to fiber 

chromatic dispersion, enabling transmission over 80 km of SMF without dispersion 

compensation or electronic signal processing.  

 

5.2.1 DQPSK Precoder 

Figure 5.10 shows a schematic of an optical DQPSK precoder. Like DPSK, a 

DQPSK precoder is needed in order to provide a direct mapping of data from the 

original input to received output. The precoder only needs to operate at the symbol 

rate, which is half of the transmitted data rate.  

The operation of DQPSK precoder is described in [45, 60, 100], and has the 

logic functions as below: 

1111 ���� ���� KKKKKKKKKKKKK IVUQVUQVUIVUI

1111 ���� ���� KKKKKKKKKKKKK QVUIVUIVUQVUQ
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where  and  are original input binary data streams,  and  are 

precoded data streams after precoder,  and  are one bit delay version of 

precoder outputs,  and . The two precoded signals  and  are used to 

drive MZM to produce optical DQPSK signals. 

KU KV

I

KI

Q

KQ

1�KI 1�KQ

K K K KQ I

KV

T

T

KI

KQ

1�KI

1�KQ

 

Figure 5.10: Schematic of an optical DQPSK precoder 

 

 

5.2.2 DQPSK Encoder 

A common implementation of the optical DQPSK encoder is based on 

integrating two parallel DPSK modulators to form a Mach-Zehnder superstructure as 

shown in figure 5.11 [60, 71]. The superstructure has quadrature control electrodes in 

order to adjust the optical phase difference 
2
�  between two DPSK signals. Each 

MZM is biased at minimum transmission and driven by a binary NRZ signal with 

 
 

 

 
Precoder

KU  
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peak-to-peak amplitude of 2 . One MZM produces the optical field with 

normalized filed amplitude {+1, -1} similar to DPSK. Another MZM also produces a 

DPSK signal with 

�V )Re(E

2
�  phase shifted, therefore donated as  The output field 

of optical DQPSK modulator is 

).Im(E

)Im()Re( EjEEo �� , which is a four-level phase 

modulated signal { } and could be presented as phase values {j��1
44

5,
4

3,
4

7,� ��� } 

as shown in table 2. 

 

-Zehnder Modulator 
(biased at null)

Figure 5.11: DQPSK transmitter setup. An optical DQPSK eye diagram is also 
shown. 

 

 

~1550 nmLaser
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~1550 nm
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Data Signal
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V ~ 2V

Data Signal

Optical DQPSK

Electrical NRZ 
Data Signal

Amp

V ~ 2V

 77



KI KQ oE K�  
0 0 +1+ j 4/�
1 0 -1+ j 4/3�
0 1 +1- j 4/7�
1 1 -1- j 4/5�

 
Table 2: Mapping of modulator input signals (  and ) to corresponded optical 
electric field ( ) and generated phase state (

KI

K

KQ

oE � ) of DQPSK modulator 
 
 

With the use of a precoder before the optical encoder, the original input data 

signals (  and ) is mapping to the phase changes (KU KV K�� ) as shown in table 3. 

The phase change  corresponds to the phase difference between the current 

phase  and the previous phase 

K��

K 1�� �K . This phase difference contains the 

transmitted information that can be extracted at the receiver by the DQPSK decoder. 

 

KU KV Kd K��

0 0 1 �

1 0 2 2/�
0 1 3 2/3�
1 1 4 0

 
Table 3: Mapping of initial input signals (  and ) to corresponded optical phase 
changed ( ) of DQPSK modulation 

KU KV

K��
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5.2.3 DQPSK Decoder 

The optical DQPSK signals can be decoded by using two optical delay and add 

interferometers followed by two balanced detectors for each quadrature. The two DIs 

each have a delay of a symbol period Ts, but must be phase shifted differently (by +/- 

/4) to decode the two signal quadratures correctly [46], shown in 5.12(a).  

 

Figure 5.12: Schematic diagram for (a) conventional DQPSK receiver based on DI 
demodulators and balanced detection, and (b) proposed DQPSK receiver based on 
frequency discriminator (FD) filters and direct detection. 
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If the input signals to modulator have the form , the output signals 

after balanced detection for each interferometer are proportional to 

[ ] and [

)(
0

0 KjeE ���� �

))sin()cos( ����� KK KK sin()cos( ����� ] [60, 79, 98, 99, 100]. The 

transmitted and received data bit streams at different stages for an optical DQPSK 

system are also shown in table 4. Note that the opposite phases of the two DIs are 

equivalent to opposite frequency detuning of �f = +/- S/8 relative to signal, where S = 

1/Ts is the symbol rate, shown in 5.12(b).  

 

Time Instant k -1 0 1 2 3 4 5 6 7 
Binary Data Uk  1 0 0 1 1 1 0 1 
Binary Data Vk  0 0 1 1 0 1 1 0 

Precoded Data Ik 0 1 0 1 1 0 0 1 0 
Precoded Data Qk 0 0 1 1 1 1 1 1 1 

I/P Voltage to MZM (I) -V  +V -V  +V +V -V  -V  +V  -V  
I/P Voltage to MZM (Q) -V  -V  +V +V +V +V +V  +V  +V
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 � /4 3 /4 /4 /4 /4 /4 /4 /4 /4
Phase Difference �   /2  /2   /2 /2

Received Data uk  1 0 0 1 1 1 0 1 
Received Data vk  0 0 1 1 0 1 1 0 

Table 4: The transmitted and received data bit streams at different stages for an 
optical DQPSK system. 

 

In this dissertation, we proposed and demonstrated experimentally a lower 

complexity DQPSK demodulator. The receiver architecture of DIs are replaced by 

Gaussian shaped band-pass optical filters with full width of half maximum (FWHM) 
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~ S/2, and opposite frequency detuning of +/- �. The Gaussian shaped filter 

approximates one spectral lobe of the periodic DI filter. However, the optimum 

frequency detuning ~ 0.173·S is slightly greater than S/8 [63]. The narrow optical 

filters act as frequency discriminators, and depending on the sign of frequency 

detuning, can convert phase modulation of the in-phase or quadrature signal 

components into an intensity modulation, which is detected using simple 

direct-detection receivers. 

�

5.2.4 Results 

 

Our 20 Gb/s (10 Gbaud) DQPSK experimental setup is shown schematically in 

Fig. 5.13. The DQPSK modulator is based on a nested Mach-Zehnder modulator 

(MZM) structure in Lithium Niobate, and is specified to have a bandwidth of 8 GHz. 

The I and Q arms of the modulator are driven by the two complementary 10 Gb/s 

NRZ data outputs of a pulse pattern generator (PPG), amplified to 2Vpi . The PPG 

generates a pseudo random bit sequence (PRBS) pattern of length 215 -1, with a 26 bit 

delay inserted between I and Q data streams for de-correlation. The optical DQPSK 

signal output of modulator is fed into a variable optical attenuator (VOA1), which 

controls the launch power into conventional single mode fiber (SMF) spools of 
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various lengths; launch power is fixed at –3 dBm. A second variable optical attenuator 

(VOA2) sets the input optical power into an erbium doped fiber amplifier (EDFA). 

The EDFA pre-amplifier is followed by either an optical frequency discriminator 

filter or DI demodulator. We utilize an optical spectrum analyzer (OSA) operating in 

a filter mode to realize the required narrow optical bandpass filter for the frequency 

discriminator demodulator, shown in Fig. 5.13(a). The optical filter bandwidth is set 

by the OSA resolution. At an OSA resolution of 0.04 nm, we obtain an approximately 

Gaussian shaped optical filter with ~ 6 GHz bandwidth [63]. The frequency 

discriminator demodulator is followed by a standard 10 Gb/s OOK receiver, including 

p-i-n photodetector, integrated trans-impedance amplifier (TIA), and limiting 

amplifier (LA), specified to have an electrical bandwidth of ~ 9 GHz. The receiver 

electrical output is fed into an error detector (ED), programmed for the proper data 

pattern after demodulation. Clock recovery (CR) is achieved by tapping a portion of 

the signal at output of discriminator filter demodulator into a commercial instrumental 

OOK receiver. The simplicity of frequency discriminator direct detection (FD-DD) 

receiver compared with conventional DI balanced detection (DI-BD) receiver is 

evident in Fig. 5.13(b). However, the lower complexity comes at the cost of OSNR 

sensitivity.  
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b). DI-BD Receiver
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PIN

a). FD-DD Receiver
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Figure 5.13: Experimental setup for testing 20 Gb/s DQPSK modulation format, 
demodulated by a). Frequency discriminator with direct detection (FD-DD), or b). 
Delay interferometer with balanced detection (DI-BD). 

Fig. 5.14 shows the data on back-to-back (B2B) bit error rate (BER) versus 

optical signal to noise ratio (OSNR). The OSNR is measured at output of EDFA 

pre-amplifier (defined over a 0.1 nm noise bandwidth including both polarizations). 

For FD-DD receiver, the I and Q tributaries are demodulated by detuning the 

discriminator filter center by ~ ± 1.7 GHz relative to laser carrier frequency, while in 

DI-BD receiver, the DI phase is tuned for ± �/4. The BER is measured separately for I 

and Q, and averaged to obtain the composite BER displayed in Fig. 5.14. We tested 
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two different DIs, one DI with FSR exactly matched to baud rate, and a second DI 

with a 20% wider FSR. The wider FSR DI is interesting to study due to previous 

theoretical predictions of an enhanced dispersion tolerance in DPSK systems using DI 

demodulator with differential delay less than a symbol period [72]. At a BER of 10 , 

the required OSNR of DI-BD receiver is measured to be ~ 11.7 dB for both DI 

designs. Note that theory predicts a slight ~ 0.25 dB B2B penalty for the 20% wider 

FSR DI [73]. We surmise that the wider FSR DI suffers no B2B penalty in our system 

because the IQ modulator has a relatively narrow ~ 8 GHz bandwidth; a wider FSR 

DI can compensate for a narrowing of signal bandwidth, as shown in [74] with optical 

filters.  

3�

The FD-DD receiver required an OSNR ~ 14.9 dB to achieve BER of 10 , ~ 

3.2 dB more than DI-BD receiver. The ~ 3 dB gain in OSNR sensitivity for DI-BD 

over FD-DD receiver is expected due to the advantage of balanced detection over 

direct detection. The noise free demodulated eye diagrams for a quadrature tributary 

are also shown in the inset of Fig. 5.14; note that the DI-BD eye is measured after the 

LA of balanced receiver, and thus appears “square” due to the limiting action of LA. 

Interestingly, the FD-DD demodulated eye (measured directly after frequency 

discriminator filter using digital communications analyzer high-speed optical plug-in) 

3�
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appears somewhat similar to a duobinary eye, which portends well for a good 

dispersion tolerance. 

 

 
Figure 5.14: Back-to-back BER versus required OSNR for DQPSK 

The tolerance to fiber chromatic dispersion (CD) is illustrated in Fig. 5.15, 

where we plot the measured OSNR penalty as a function of SMF (D ~ 17 ps/nm/km) 

transmission distance. OSNR penalty is defined relative to B2B performance at a 

BER = 10 . As seen in Fig. 5.15, the FD-DD received shows a factor of 2x 

advantage in dispersion tolerance compared with DI-BD receiver. This experimental 

data confirms our previous theoretical predictions [63].  

3�
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Figure 5.15: Measured OSNR penalty versus SMF transmission distance. 

 

It is also interesting to compare the impact of FSR on the dispersion tolerance 

of DI-BD receiver. The 20% wider FSR DI shows a ~ 12.5% improvement in CD 

tolerance at 2 dB OSNR penalty, roughly in line with the theoretical predictions in [72] 

for DPSK. Comparing the DI-BD and FD-DD receivers, the wider FSR DI enables 

uncompensated 10 Gbaud DQPSK transmission over ~ 44 km of SMF at 2 dB OSNR 

penalty, while the FD-DD receiver supports an impressive ~ 80km SMF transmission 

distance. The ultra-narrow frequency discriminator filter can suppress deleterious high 

frequency signal components more effectively compared with DI filter [79, 80]; even 

with an optimized FSR one cannot completely avoid deleterious high frequency 
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components from entering the receiver due to periodic response of DI filter. 
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Figure 5.16: Measured OSNR penalty versus laser frequency offset. 

 

An additional concern with DQPSK systems, especially at 10 Gbaud, is the 

tight tolerance to frequency offsets between signal and demodulator filter. Fig. 5.16 

shows experimental data assessing the sensitivity to frequency offsets for both DI-BD 

and FD-DD receivers. The OSNR penalty is measured versus laser frequency 

detuning from the optimum. As demonstrated in Fig. 5.16, the frequency 

discriminator demodulator shows the best tolerance to frequency offsets compared 

with DI demodulator, with the 20% wider FSR DI fairing slightly better than 

 87



conventional DI. However, the differences are rather small, and only observable at 

relatively large OSNR penalties. For all of the DQPSK receivers tested, frequency 

offsets should be controlled to approximately ~ 100 MHz to ensure less than ~ 0.5 dB 

penalty. 
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5.3 Polarization Multiplexing DQPSK 

A doubling of spectral efficiency can be achieved by combining two DQPSK 

signals with two orthogonal polarizations of carrier waves by Polarization Division 

Multiplex (PolDM) [82-89]. By combining multilevel DQPSK modulation with 

polarization multiplexing, we quadruple spectral efficiency compared with single 

polarization binary formats. However, a polarization controller would be needed 

which results in a more complex receiver. A 40 Gbit/s Dual-Polarization (DP) DQPSK 

signal can be generated by combining two 20 Gbit/s DQPSK signals, which are 

originally formed by two DPSK signals for each in quadrature phases. 

5.3.1 DP-DQPSK Encoder 

Fig. 5.17 shows the DP-DQPSK transmitter scheme. The optical carrier wave is 

split into two polarizations (X and Y) through the polarization beam splitter (PBS). 

Each carrier wave is then modulated by a DQPSK modulator driven by two 10 Gbit/s 

PRBS data streams with proper bit mutual delay resulting in the generation of an 

optical DQPSK signal. Two DQPSK signals are then combined in orthogonal 

polarizations by a polarization beam combiner (PBC). The resultant signal is a 

2×2×10 Gbit/s DP-DQPSK signal. 
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Figure 5.17: A 1022 �� Gb/s DP-DQPSK transmitter setup 

 

5.3.2 DP-DQPSK Decoder 

In order to detect the signals carried by different polarizations, a polarization 

controller, which controls a proper polarization, followed by a polarizer, which filters 

out undesired polarization component, is needed for a DP-DQPSK receiver. Since the 

polarization of light inside fiber is time-variable, a dynamic polarization controller is 

helpful to stabilize the polarization of carrier wave. In a practical implementation, a 

polarization beam splitter would be employed instead of a polarizer in order to receive 

the signals in both polarizations simultaneously. Then each signal is received by a 

separate DQPSK receiver to extract the transmitted information. Like DQPSK, two 

types of demodulator schemes, delay interferometer plus balanced detection (DI-BD) 
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and frequency discriminator plus direct detection (FD-DD), could be employed to 

covert optical phase signals into intensity signals for detection. As figure 5.18(a) 

shows below, four DIs and eight photodiodes are needed to demodulated DP-DQPSK 

signals simultaneously. Meanwhile, four frequency discriminators and four 

photodiodes are needed to do the same job in the second scheme, shown in 5.18(b).  

 
Figure 5.18: Two demodulator schemes of a). DI+BD, and b). FD+DD for 
DP-DQPSK 

 

5.3.3 Results 

Our 40 Gb/s (10 Gbaud) DP-DQPSK experimental setup is shown 

schematically in Fig. 5.19. The DQPSK modulator is based on a nested MZM 

structure in Lithium Niobate, and is specified to have a bandwidth of 8 GHz. The I 

and Q arms of the modulator are driven by the two complementary 10 Gb/s NRZ data 

outputs of a pulse pattern generator, amplified to 2V�. We tested both PRBS 2 -1 7
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(PRBS-7) and 2 -1 (PRBS-15) data patterns, with a 15 bits delay between I and Q 

data streams for de-correlation.     

15

        
Figure 5.19: 40 Gb/s DP-DQPSK experimental setup with frequency discriminator. 
The B2B demodulated eye diagram is also showed in inset. 

 

The optical signal output from modulator is further processed to produce the 

dual-polarization DQPSK format by splitting and combining in a PBC, with an 

appropriate optical delay for de-correlation. The DP-DQPSK signal is then 

transmitted through various lengths of conventional single mode fiber (D ~ 17 

ps/nm/km). Two variable optical attenuators (VOA1 and VOA2) are used to control 

the input optical power into the fiber span (< -3 dBm), and OSNR at the output of 
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EDFA pre-amplifier. The EDFA pre-amplifier is followed by a polarizer for 

demultiplexing one of the two polarization channels, and then an optical frequency 

discriminator filter with ~ 6 GHz bandwidth for demodulating one of the two signal 

quadratures. A measured demodulated eye diagram for one of the signal quadratures is 

shown in the inset of Fig. 5.19. The receiver in the experimental setup is a 

commercially available 10 Gb/s p-i-n photodetector with integrated trans-impedance 

amplifier (TIA), and limiting amplifier (LA), and is specified to have an electrical 

bandwidth of ~ 9 GHz. The receiver output is fed into an error detector (ED), 

programmed for the proper data pattern after DQPSK demodulation. Clock recovery 

(CR) is achieved by taping off a fraction of the optical signal at input to p-i-n detector 

into a commercial instrumental receiver that includes clock recovery circuitry. 

Fig. 5.20 shows the measured bit error ratio (BER) versus OSNR performance 

back-to-back (B2B). The OSNR is defined in a 0.1 nm noise bandwidth, and 

referenced to the output of EDFA pre-amplifier. Both Single Polarization (SP) and 

DP-DQPSK are tested with a PRBS-15 data pattern. As expected, the DP-DQPSK 

shows a ~ 3-dB penalty compared with SP-DQPSK. We observed only a small ~ 0.5 

dB improvement in performance when using a PRBS-7 pattern instead of PRBS-15, 

most likely due to modulator imperfections.  
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Figure 5.20: B2B performance for SP- and DP-DQPSK with frequency discriminator 
demodulator. 

The tolerance to fiber chromatic dispersion is demonstrated in Fig. 5.21, where 

we plot the measured OSNR penalty relative to B2B as a function of SMF length in 

km. The penalty is determined by measuring the required OSNR to achieve a BER = 

10
-3

. As seen in Fig. 5.21, we have demonstrated 40 Gb/s DP-DQPSK transmitted 

over 80 km of SMF with ~ 2 dB penalty, without using any optical dispersion 

compensation or electronic signal processing. Thus, our 40 Gb/s system has an 

equivalent dispersion tolerance to 10 Gb/s NRZ. 
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Figure 5.21: Dispersion penalty for SP- and DP-DQPSK. 
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Fig 5.22 shows spectra of different modulation formats, NRZ-DPSK, 

NRZ-DQPSK, and DP-DQPSK (i.e. PolMux DQPSK). As we expected, DP-DQPSK 

has the same spectrum bandwidth with SP-DQPSK. Meanwhile, the data rate of 

DP-DQPSK is two time higher than NRZ-DQPSK, which doubles the spectrum 

efficiency by a factor of two. 
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Chapter 6  

Conclusions 

 

1. NRZ-Duobinary 

Our results of an experimental investigation on the optimum duobinary system 

for ASE noise-limited transmission are presented. The optimum transmitter and 

receiver optical filter bandwidths are found to be near or slightly less than bit rate ~ R 

in agreement with theory. A nearly optimum duobinary transmission system is 

demonstrated B2B to operate within 3.4 dB of the matched filter limit for duobinary. 

The optimum duobinary system is compared to a conventional duobinary system in 

ASE noise-limited and dispersion-limited regimes. The optimum duobinary shows a ~ 

4.4 dB optically pre-amplified receiver sensitivity advantage B2B, and a ~ 2 dB 

advantage after 120km transmission over SMF.  

Finally, we point out that to obtain the optimum duobinary pulse shape at the 

receiver, one must view the entire channel, including all electrical/optical filtering 

effects and fiber dispersion, as the “duobinary filter,” and each element in the system 

must be optimized accordingly. 
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2. RZ-Duobinary: 

Optimized 10-Gb/s RZ- and NRZ-duobinary transmitters and matched receivers 

are experimentally demonstrated. The RZ versus NRZ pulse shape is compared for 

duobinary systems that are dominated by ASE noise, fiber chromatic dispersion, and 

SPM nonlinearity. Surprisingly, and in stark contrast to the case of OOK, in all cases 

that were considered, the NRZ pulse shape is found to be superior to RZ for 

duobinary transmission. These experiments highlight the unique properties of the 

duobinary modulation format.  

 

3. DPSK: 

A simple DPSK demodulation technique based on an optical discriminator filter 

followed by a direct detection (FD-DD) is demonstrated, while showing a 1.2-dB 

advantage over OOK in our experiments. This scheme has the potential for integrating 

DPSK demodulator, ASE filter, and WDM demultiplexer functionality in a single 

element.  

 

4. DQPSK: 

A novel low complexity DQPSK demodulator based on frequency 

discriminator filtering and direct detection is demonstrated experimentally, and 
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compared with conventional DI demodulator with balanced detection. While the 

FD-DD receiver requires a higher OSNR to achieve an equivalent BER compared 

with the conventional DI-BD scheme, it is less sensitive to non-optimum frequency 

offsets, and shows a factor of 2 times better dispersion tolerance. The dispersion 

tolerance of DI-BD receiver can be improved by increasing DI FSR to be greater than 

baud rate, although the performance gain is modest compared with the 2x 

improvement demonstrated with FD-DD. The excellent dispersion tolerance of 

FD-DD, taken together with the lower complexity receiver structure, may offer a 

promising alternative for future applications where OSNR sensitivity is not the major 

driver.  

 

5. PolMux DQPSK: 

A DP-DQPSK system operating at 40 Gb/s was realized, while keeping almost 

the same spectrum bandwidth of NRZ-OOK, thus quadrupling the spectral efficiency 

of NRZ-OOK. Our proposed frequency discriminator filter demodulator scheme is 

suitable for DP-DQPSK. Our experimental results show 40 Gb/s DP-DQPSK system 

only suffering small penalty compared to 20 Gb/s SP-DQPSK in fiber chromatic 

dispersion. 
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