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ABSTRACT

This thesis investigates the potential of optical single sideband signaling at 10 Gb/s
for increasing the transmission distance of digital lightwave communication systems. The
primary bit rate/distance limitation in digital fiber optic systems operating on standard single
mode fiber at the 1.55 pm wavelength is chromatic dispersion. Optical single sideband
modulation offers an alternative to reducing the impact of chromatic dispersion in these
optical systems.

A number of novel approaches for transmitting a digital optical single sideband
signal in a self-homodyne detection system were developed. Two approaches showed to be
beneficial and practically implementable. The first approach was based on driving each arm
of a dual arm drive Mach-Zehnder modulator with a combination of a baseband digital
signal and the Hilbert transform of that signal respectively to create an optical single
sideband signal. The second approach was based on driving each arm of a dual arm drive
Mach-Zehnder modulator in the conventional push-pull manner while driving a subsequent
phase modulator with the Hilbert transform of that signal to create an optical single
sideband signal. In terms of reducing the effects of chromatic dispersion, transmitting the
signal in a single sideband format has two advantages over a double sideband format. First,
the optical bandwidth of the transmitted single sideband signal is approximately half of a
conventional double sideband signal. Second, an optical single sideband signal can be self-

homodyne detected and the majority of the phase information preserved since no spectrum



back folding occurs upon detection thus allowing the received signal to be partially

equalized in the electrical domain.

Simulation results showed that 10 Gb/s data could be transmitted at the 1.55 um
wavelength on standard single mode fiber over distances beyond 1000 km with post-
detection electrical dispersion compensation. Experimental results showed transmission of
10 Gb/s up to 320 km. Critical parameters in the experiment included frequency modulation
to amplitude modulation noise due to the laser source linewidth interacting with the
chromatic dispersion in the fiber and the nonideal frequency response of a number of the
electrical components used at the transmitter and receiver including the signaling source and

the equalizer.
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Chapter 1 Introduction

1. INTRODUCTION

1.1 Fiber Optic Applications

Fiber optic communications has a number of advantages which makes it attractive in
a wide range of applications. Two advantages offered by optical fibers are very low
attenuation and large bandwidth. Other advantages offered by optical fibers over coaxial
cables include being smaller and lighter and the elimination of electrical ground loops. As a
result of the advantages offered by optical fibers, fiber optic communications have allowed
the transmission of the highest data rates over the longest distances of any closed channel

system.

To date, the most extensive application of fiber optic communications has been in
the telephone industry. The rapid advances in the 1970's led to a series of field experiments
and early applications in North America [1]. One of the first commercial long distance
optical fiber telephone systems was put into service by the American Telephone and
Telegraph Company (AT&T) in 1983 [2]. Today, many major cities throughout North
America are linked by an optical fiber system. In addition, many developed countries are
linked by transoceanic optical systems. Fiber optic systems in the telephone industry are
almost exclusively digital due to the digital switching, multiplexing and transmission

technology currently in use.

More recently, video transmission is progressing from an analog format to a digital
one thus increasing the need for digital optical links. Further, with the additional
requirements of computer networks, integrating video, telephone and internet applications
for each user on one line is an attractive option. As a result, the bandwidth requirement for
one user can grow quite quickly. When multiple users are multiplexed on one line in an

integrated system, the total data rate capability of the system can grow even faster. If the
l
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distance between these multiple users is stretched from city to city, the high data rate link

must now cover hundreds if not thousands of kilometers.

The types of optical systems used to transmit the information have evolved as a
direct result of this growth in capacity and distance requirement. From the first optical
systems to today’s high speed transoceanic links, the speed of commercially available
optical systems has been quadrupling every five years. Fiber optic systems have gone

through four generations [3] on the road to increased capacity and transmission distance.

First generation systems used light emitting diodes (LED) and semiconductor lasers
operating at the 0.85 um wavelength with multimode fiber. These systems were limited in
their transmission distance by high loss and also suffered from modal dispersion in the
fiber. Despite this, these initial fiber systems still outperformed existing coaxial cable

systems.

Second generation systems began with advances in fiber technology where
reductions in core size made single mode fiber available. The improved single mode fiber
had a core diameter of 8 pum which was significantly smaller than 50 pm for the multimode
fiber. This reduction in core size reduced modal dispersion in the fiber but also required
more precise mechanical specifications. Eventual advances were also made in laser and
detector technology to shift the wavelength of operation to 1.3 m where the fiber loss was

lower.

Third generation systems came from a shift of the operating wavelength to 1.55 pm
where the loss in silica fibers reaches the absolute minimum. This helped extend the
transmitter to receiver distance. Mode partition noise resulting from multiple modes being
created within the laser was still a problem though. Pulse dispersion was generated from
the information traveling down the fiber in more than one mode created by the laser source.
The development of the distributed feedback laser resulted in single mode sources which
reduced this effect and extended that transmission distance of high bit rate systems even
further.

Fourth generation systems have not been clearly defined yet, however, the use

Erbium doped fiber amplifiers (EDFA) and integrated optics such as lithium niobate

2
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(LiNbO,) which operate in the 1.55 um wavelength region have been suggested as major
factors in defining the next generation. With the invention of optical amplifiers, the loss in
fiber could be compensated at regular intervals and thus the span between transmitter and
receiver could be extended to hundreds and even thousands of kilometers. These systems

are state of the art and have provided the highest data rate transmission systems to date.

Achieving high speed digital transmission in an optical system over short distances,
such as a few kilometers, is limited more by the electrical technology than the optical
technology. Optical carriers at wavelengths of 1.55 pm have significantly large information
carrying capacity. For example, the equivalent carrier frequency of 1.55 pm is
approximately 200 THz. Thus, theoretically, 200 THz of binary information could be
transmitted at this frequency. The limitation is that current transmitter and receiver
technology has not developed to the point where they can transmit digital information on a
single channel at terabit rates. Current single channel data rates are commercially available
at 10 Gb/s with research based systems demonstrating 40 Gb/s and higher per channel [4].
One approach to utilizing more of the optical spectrum and to increase the total capacity of
the fiber is to wavelength division multiplex (WDM) a number of separate electrical
channels onto a number of separate optical carriers creating a multichannel system. This
way, more of the optical spectrum is utilized without increasing the capacity of the electrical
components. WDM systems have now been demonstrated which transmit 2.6 Tb/s of data

over a single optical fiber [5].

While WDM systems help to increase the overall transmission capacity of a fiber,
maximizing the single channel data rate of each WDM channel is still an important item.
The useful range over which optical wavelengths can be transmitted is limited by factors
such as the loss and EDFA gain windows and thus this range must be used efficiently.
Tradeoffs exist between the number of carriers and the single channel data rate, however,
the overall throughput is generally maximized in conventional systems using high single

channel data rates.

For long distance single channel and WDM systems, the limitation is not always the
end electronics but can be the fiber itself. For single mode fiber systems which require both

high data rate capability and long transmission distances on a single channel, problems

3
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arise due to the effects of chromatic dispersion in single mode fiber [6]. For long haul
optical trunking links between major cities and between continents, the effects of chromatic

dispersion have great importance.

For systems with single mode sources that have narrow linewidths, the modulated
information on an optical carrier is carried down the fiber in a range of optical frequencies.
Chromatic dispersion results from these optical frequencies traveling down the fiber at
different group velocities. The effect on a digital pulse in the time domain is to disperse or
smear the pulse. The effect on a stream of digital data is to distort the quality of the signal
such that the inherent noise in the system causes errors in the received bits. The higher the
data rate or the longer the distance, the more distortion in the signal and thus more errors

received in the data.

Chromatic dispersion is higher in some types of fiber than others. Some types of
fiber are specifically designed to have low dispersion such that high data rates can be
transmitted over long distances. However, standard single mode fiber, which is currently
installed in 75% of North America’s optical networks, has a high level of chromatic
dispersion at 1.55 um which can severely limit the performance of high speed long distance
systems. The price to replace standard single mode fiber already installed was quoted in
1998 at $100,000 US per mile [7].

As previously mentioned, the negative impact of chromatic dispersion in standard
single mode fiber at 1.55 pm increases both with bit rate and fiber length. Consequently,
one major goal in installed long haul high speed digital optical systems using standard
single mode fiber is to limit or reverse the effects of chromatic dispersion so that the bit rate
distance product can be increased. This corresponds to higher data rates over longer

distances for single and multiple wavelength systems.
1.2 Thesis Objectives

There were four main objectives of the research described in this thesis. The first
objective was to review published approaches which have been either developed or
proposed to reverse or limit the effects of chromatic dispersion on standard single mode

fiber in the 1.55 um wavelength region on digital systems operating at the OC-192 data rate
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(9.95328 Gb/s). The second objective was to develop a new method or technique which
could be used in baseband digital optical systems which would reverse or limit the effects
of chromatic dispersion. The focus of the research was on single sideband (SSB)
modulation of an optical carrier with a digital signal. The third objective was (o simulate
this technique by modeling the optical SSB system on a computer and verify its
effectiveness. The fourth and final objective was to build and test the new optical SSB
system and verify experimentally the effectiveness of this new technique in combating the

effects of chromatic dispersion in standard single mode fiber.

1.3 Thesis Organization

Chapter 2 presents a brief review on the background of the problems created by
chromatic dispersion in standard single mode fiber. In addition, the previous approaches

used to reverse or limit the effects of chromatic dispersion are reviewed.

Chapter 3 presents a theoretical analysis of optical SSB modulation for digital
systems. Through this analysis, previous optical SSB systems are reviewed and the new

optical SSB systems are introduced.

Chapter 4 presents the simulation results of the new optical SSB systems. The
performance of these systems in terms of extending the transmission distance of the OC-

192 data rate is the focus. Simulations are performed for ideally modeled components.

Chapter 5 presents the experimental results of the new optical SSB systems that
were tested. Again, performance of these systems in terms of extending the transmission
distance of the OC-192 data rate is the focus. A comparison of some of the simulated and
experimental results is also given with comments given on similarities and differences

between the two results.

The conclusion of the thesis is given in Chapter 6. In addition, recommendations

for improvements and future experiments are also given.
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2. BACKGROUND TO CHROMATIC
DISPERSION

2.1 Dispersion and Attenuation

Chromatic dispersion is a major factor limiting the maximum distance and/or bit rate
of many current long haul fiber optic systems. Chromatic dispersion results from the
frequencies associated with the information sidebands traveling down the fiber at different
group velocities. In the frequency domain, chromatic dispersion results in an equivalent
transfer function with a flat magnitude response but a nonlinear phase response. In the time
domain, if the source linewidth is smaller than the information bandwidth, chromatic
dispersion has the effect of broadening a received pulse of light into an adjacent pulse
interval. Chromatic dispersion generally refers to dispersion in a fiber that is wavelength
dependent. Chromatic dispersion is the dominant form of dispersion in standard single
mode fiber in most cases, however, other forms of dispersion do exist. Four general
sources of dispersion in optical fibers are modal dispersion, waveguide dispersion,

nonlinear dispersion and material dispersion [8].

Modal dispersion occurs in multimode fibers as a result of the differences in group
velocities in the modes [8]. More specifically, the information is dispersed throughout a
number of modes and each mode propagates down the fiber with a different velocity such
that they arrive at the receiver at different times. This type of dispersion is critical in an
amplitude modulated optical system since the varying arrival times of each mode at the
receiver can distort the quality of the received signal. However, modal dispersion is not

significant in modern long haul digital systems since they use single mode fiber.

Waveguide dispersion results from the difference in distribution in optical power in

the core and in the cladding with optical frequency [8]. Since the phase velocity in the core
6
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and in the cladding are different, the group velocity is altered for each wavelength. Each
wavelength has a different distribution of optical power in the core and cladding.

Nonlinear dispersion results from the fiber refractive index being intensity
dependent [8]. The phase shift incurred on the spectral components constituting the
information is dependent on both frequency and optical power. An optical signal launched
at a high intensity can be subjected to nonlinear phase distortion more so than a low
intensity signal. This can become critical if the launched optical power into the fiber is set at
a very high level for the purposes of maintaining an acceptable signal to noise ratio (SNR)
at the receiver or in a WDM system where the combined power of all of the carriers is

higher than that of a single channel.

Material dispersion results from the fact that the refractive index of glass is a
function of wavelength [8]. Material dispersion is the dominant form of dispersion that
causes problems for current long haul digital optical systems operating on standard single
mode fiber. The other forms of dispersion are generally smaller. Material dispersion affects
systems differently if the source spectral width is smaller or larger than the information
spectrum. The effects are more severe in systems where the source linewidth is larger than
the information spectral width. Recent developments in source quality have allowed long
distance systems to use sources with very narrow spectral widths to reduce these negative
effects, however, the material dispersion can still have a significant impact on the

information spectrum.

For systems using a source with a spectral width smaller than the information
bandwidth, material dispersion can be modeled as phase distortion operating on the electric
field of the light in the fiber representing the information. A simplified version of the fiber

transfer function representing this phase change can be written as [9]:
H(w,z) = exp(—jB(0)z) 2.1)

where Z is the fiber length and f is the frequency dependent propagation constant. The

term [ can be expanded in a Taylor series about the carrier wavelength ®,, to give:

1 2 | d3 3
B(w) =B, +—(0) ®,)+ 270 2( ®,) +EF(m—m0) (2.2)
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The first term on the right hand side of equation 2.2, which is related to a phase
delay, does not provide any nonlinear phase distortion that would result in a corrupted
received signal. The second term on the right hand side of equation 2.2, which is related to
the group velocity, also does not provide any nonlinear phase distortion that would result in
a corrupted received signal since the phase delay for this term is linear with frequency.
Linear phase delay results in preservation of the relative phase relationship of all of the
frequencies within the relevant spectral range. The most significant term on the right hand
side of equation 2.2 is the third term, which is related to the first order group velocity
dispersion. This is the most significant term in optical systems operating at the 1.55 pum
wavelength on standard single mode fiber since it provides a nonlinear phase distortion.
This nonlinear phase distortion is significant in systems since it distorts the original

information by the time it has reached the receiver.

Examining the third term on the right hand side of equation 2.2 in more detail, a
common form of the first order group velocity dispersion can be derived. This term is
commonly identified with material or chromatic dispersion. We expand on this term by first
letting T be the group delay per unit length in the fiber and write its relationship to the
propagation constant 3 as:

_9B
T= i (2.3)

Taking the first derivative of equation 2.3 with respect to frequency ®gives:

2
do do~
Further, letting A be the wavelength, 51 can be expanded in the form:
®
do d\dw

If ;ﬁ is evaluated using the relationship of the speed of light with wavelength and
®
: d’B :
frequency, ¢ = fA, a new representation for 70> can be given as:
o2




Chapter 2 Background to Chromatic Dispersion
2 2 d
aB__N & 2.6)
do 21tc dA
The dispersion coefficient D is defined as the first derivative of the group delay with respect
to wavelength:

_&

= 2.7
m (2.7)

Thus, using equations 2.6 and 2.7, the third term on the right hand side of equation 2.2

representing the most significant material dispersion at 1.55 im can be written as:

1| A2 2
= e 2_ID(w— 2.8
Bd::p 2 I:ch:I ((0 (00) ( )

where A, is the wavelength of the optical carrier.

Examining equation 2.8, it can be seen that the frequency components in the
information spectrum which are farthest away from the carrier are phase distorted the most
due to the second order dependence on frequency. Further, looking back at equation 2.1, it
can be seen that as the fiber length z increases, the product of the propagation constant and
the fiber length also increases. Thus, the total phase coefficient increases with both
frequency and fiber length. This relationship is often called a bandwidth/length product
where if a given amount of penalty due to dispersion is specified either the fiber length or

transmission bandwidth cannot be increased without decreasing the other.

For silica in single mode optical fibers, the dispersion coefficient D is wavelength
dependent. This wavelength dependence is shown in Figure 2.1. From Figure 2.1, it can
be seen that the dispersion minimum is around 1.3 pm. At 1.55 pum, the dispersion
coefficient is significant at 17 ps/km-nm. This is primarily a result of material dispersion

although small effects from waveguide dispersion are reflected in this value.

The optical attenuation of silica glass is also wavelength dependent. An example of
the loss of single mode fiber as a function of wavelength is shown in Figure 2.2. From
Figure 2.2, it can be seen that the loss minimum is in the 1.55 pm region. Short

wavelengths are limited by Rayleigh scattering while longer ones by infrared absorption.

9
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Figure 2.2 Wavelength dependence of loss for silica glass (Adapted from [8])

The loss minimum of single mode fiber also corresponds to the effective operating
region of EDFAs. An EDFA is an optical gain medium which at the basic level, consists of
a section of Erbium doped fiber which is pumped with a light of a shorter wavelength and
provides gain at a longer wavelength. The gain mechanism is similar to a laser cavity with
the pumped electrons residing in a metastable state for an adequate period of time,
however, there is no feedback in the EDFA like there is in a laser. The energy level diagram
of an EDFA is shown in Figure 2.3. In Figure 2.3, an electron in energy level E1 is
pumped with an external source to energy level E3. The electron decays to energy level E2
where, with high probability, it remains until it is stimulated down to energy level E1 by an
input signal. The output signal is an amplified version of the input signal. This
amplification process within the EDFA is also wavelength dependent. The gain versus
wavelength for a typical EDFA is shown in Figure 2.4.

10
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Figure 2.4 Gain versus wavelength for a typical EDFA

In most long haul digital optical systems, attenuation limits are overcome by
operating in the 1.55 pm region. However, the penalty is high chromatic or material
dispersion. Currently, most systems are cost effective by operating at the loss minimum.
Attempts are then made to try to reverse the effects of chromatic dispersion. The alternative
is to operate at the dispersion minimum and attempt to overcome the higher losses at the 1.3
pm wavelength. Currently, there is work being carried out to develop optical amplifiers at
the 1.3 um wavelength, however, systems still perform better when operating at the 1.55
pm wavelength using Erbium amplifiers. The combination of loss minimum and optical
gain from Erbium doped fiber outweigh any benefits from reduction in chromatic
dispersion seen at 1.3 pum.

11
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2.2 Previous Approaches to Limit the Effects of Chromatic
Dispersion

Three general approaches have been used to reduce the effects of chromatic
dispersion. The first is based purely on optical methods where the phase distortion incurred
in the fiber at the optical electric field level is reversed in the optical domain at the electric
field level by inserting an element in the optical path before detection. The second is based
on post detection electronic equalization methods where the phase distortion incurred by the
fiber is reversed in the electrical domain after detection of the optical power. The third is
based on modifying the transmission format in order to reduce the effective bandwidth
required to transmit or receive the data. By reducing the transmitted bandwidth of the signal
at the optical electric field level, the effects of chromatic dispersion are reduced since the
difference between the highest and the lowest frequency components in the signal spectrum

is less.

The distinction between optical electric field and optical power is important.
Photodetectors used at the receiver in optical systems have a linear relationship between
received optical power and output current. The electric field, which the dispersion level is
evaluated at, is not generally measurable. Since the detector measures the optical power

which is the square of the electric field, the process can be called square-law detection.
2.2.1 Optical Methods

The first optical method used to reverse the effects of chromatic dispersion is to add
dispersion compensating fiber to the transmission path containing the standard single mode
fiber. Dispersion compensating fiber uses a step or graded index core with a refractive
index profile selected such that at 1.55 pm the waveguide dispersion dominates over
material dispersion [8]. When light propagates in dispersion compensating fiber, longer
wavelengths reside more in the cladding than in the core and thus the shorter wavelengths
encounter more delay. The refractive index profile of the dispersion compensating fiber is
specifically designed to reverse the effects of material dominated dispersion in standard
single mode fiber. An example of the phase delay versus frequency of chromatic dispersion
in standard single mode fiber and that of an appropriate amount of dispersion compensating

fiber is shown in Figure 2.5.
12
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Figure 2.5 Phase delay versus frequency for standard single mode fiber and dispersion
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The dispersion compensating fiber can be added to the transmission path at one
point in the optical path or can be placed at multiple points throughout the path. The amount
of dispersion compensating fiber added to the system depends on the amount of standard
single mode fiber used; the proportion is approximately 4:1 where for every 4 units of

standard single mode fiber used, 1 unit of dispersion compensating fiber is needed.

Using dispersion compensating fiber in a digital optical system was proposed by
Lin et al. [10] and Onishi et al. [11] and was implemented by Dugan et al. {12] and Goel ez
al. [13]. An example of an optical system which uses dispersion compensating fiber at the
end of the transmission path is shown in Figure 2.6. Placing the dispersion compensating
fiber at multiple points along the path can vary the systems performance since the

dispersion compensating fiber has a high loss requiring strategic placement of EDFAs.
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Figure 2.6 Fiber optic system using dispersion compensating fiber to minimize
chromatic dispersion
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Work has also been done to create dispersion shifted fiber where the dispersion
minimum for the fiber is shifted to 1.55 pm such that if the entire fiber link was composed
of this type of fiber, chromatic dispersion would be minimized [13]-[16]. However, this
type of fiber is generally more expensive to fabricate than standard single mode fiber since
a more elaborate refractive index profile is required for the core and it also has a slightly
higher loss than standard single mode fiber. The bending losses of cores with elaborate
refractive index profiles is also a strong concemn since some refractive index profiles are
more susceptible to bending losses than others. Bending losses are important in
maintaining the ruggedness of installed systems. In addition, this type of fiber offers no
correction for the standard single mode fiber used in currently installed systems which has

its dispersion minimum at 1.3 pm.

A second optical method which can be used to reverse the effects of chromatic
dispersion is to spectrally invert the signal at the midpoint of the fiber span. By inverting
the information signal, the phase distortion incurred by the first half of the fiber is equalized
by the phase distortion incurred by the second half of the fiber and thus the signal’s original
phase alignment is restored prior to detection. The experimental system demonstrated by

Jopson et al. [17] is shown in Figure 2.7.
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Figure 2.7 Fiber optic system using midspectral inversion to perform chromatic

dispersion compensation (Adapted from [17])
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The information spectrum is inverted at the midpoint through optical-phase
conjugation. More specifically, the conjugate of the information signal is created and
transmitted via a nonlinear process called four wave mixing. In this case, the four wave
mixing occurs by externally pumping a section of dispersion compensated fiber with a

powerful source at a wavelength offset from the original source wavelength.

A third optical method which can be used to reverse the effects of chromatic
dispersion is to use a chirped fiber Bragg grating in the optical path. The fiber grating
reverses the effects caused by chromatic dispersion by providing an inverse second order
phase characteristic to that created by the standard single mode fiber. Its phase response is
similar to the dispersion compensating fiber shown in Figure 2.5. A grating is formed in a
length of optical fiber and the grating period is reduced linearly down the length of the
device. When compared with long wavelength light, shorter wavelengths propagate further
into the device before being reflected and are therefore delayed more. Due to the reflective
mode of operation of the gratings, circulators are required in the system. An example of the
optical system tested by Loh et al. [18] is shown in Figure 2.8. As in the dispersion shifted
fiber case, the gratings can be placed at the beginning of the fiber path, at the end, or at
multiple points throughout. The position of the gratings along the optical path has varying

effects due to the insertion loss of the circulators.
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Figure 2.8 Fiber optic system using chirped fiber gratings to perform chromatic

dispersion compensation (Adapted from [18])
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Currently, chirped gratings fabricated with silicon masks that are fixed over the
fiber section during the writing process have a fixed amount of compensation that they can
provide over a given optical bandwidth. Thus, the gratings cannot be made long enough to
compensate standard 10 Gb/s systems longer than a few hundred kilometers. These fiber
gratings are limited in the amount of compensation they can provide for a given bandwidth
by the maximum silicon wafer size that can be grown. The silicon wafer is used in the
grating writing process. With a fixed wafer size, there is a limit to the optical
bandwidth/dispersion compensation product. If the bandwidth of the grating is to be
increased. the amount of compensation is correspondingly reduced. Currently, maximum
wafer sizes are around 10 cm in diameter thus limiting a grating with a 0.12 nm bandwidth
to 5000 ps/nm of dispersion compensation. To help increase the dispersion compensation
limit, multiple gratings with different phase characteristics can be cascaded to increase the
maximum compensatible distance [18], however, the cost is added optical insertion loss

due to the additional gratings.

Recently, work has been done [19] to write the grating into the fiber through a
dynamic process where the mask is no longer chirped, but has a constant period and is
moved at a controlled rate along the fiber. In this scenario, chirped gratings as long as 1.3
m have been fabricated. These gratings have greatly increased the optical bandwidth/
dispersion compensation product. One important problem with these longer gratings is their

high loss.

Systems using slightly different designs of chirped gratings have also been tested
by Okamoto ez al. [20], Ouellette et al. [21] and Litchinitser et al. [22]. All systems showed
the ability to partially equalize the effects of chromatic dispersion. Nonidealities in the
grating designs have generally been the limiting factor in extending the transmission
distance. Figure 2.8 shows a grating that operates on the basis of reflection. However,
some work has also been done by Litchinitser et al. [23] in creating Bragg gratings that can
be used in a transmissive mode thus reducing the added optical insertion loss created by the

optical circulator.

In order to make the dispersion compensation by the chirped grating adaptable to
varying fiber lengths, Garthe ez al. [24] looked at adjusting the strain and Laming et al. [25]
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looked at adjusting the temperature gradient along the grating length. By adjusting either of
these parameters, the amount of compensation provided by a fixed grating length could be
varied. This type of equalizer could be used in a system with varying fiber lengths such as
in a switched optical network where the fiber length between a transmitter node and a

receiver node can vary depending on the transmission path through the network.

The periodic nature of the gratings was also investigated by Ouellette ez al. [26]. In
the investigation, it was shown that the compensation characteristic is periodic in
wavelength due to the nature of the grating and could be utilized to equalize the dispersion
at multiple wavelengths such as would be required in a WDM system.

Gnauck er al. [27] showed that an alternative to using a chirped grating was to use a
Fabry Perot cavity. This device has a reflective type operation similar to the grating and
thus a circulator or coupler is required to use it effectively in the transmission path. The
Fabry Perot cavity has a phase response which is second order over a select range of
frequencies. This characteristic is tailored to be the inverse of the fiber dispersion by
adjusting the cavity length. Limitations exist in that the range of frequencies over which a

proper phase response is generated is very limited with this type of operation.

A fourth method which can be used to limit the effects of dispersion is to use
birefringent crystals in the optical path. The birefringent crystals can be aligned in the
optical path so as to partially compensate the effects of chromatic dispersion created by the
standard single mode fiber. Ozeki [28] showed through simulations that optical circuits
could be synthesized for equalizing the dispersion of standard single mode fiber. The
polarized crystals served to separate the frequencies of interest, delay portions of the
frequencies by different amounts, and subsequently recombine the new frequencies.
Further, the periodic nature of the equalizer resulted in periodic dispersion free bands in the
optical spectrum. Thus, the author proposed this method for WDM systems as well. A
short distance system under 30 km that was tested by Sharma et al. [29] which used a
crystal equalizer as shown in Figure 2.9. Sharma’s results are controversial though since
the dispersion shown over 30 km of standard single mode fiber is extremely high.
Sharma’s system operated at 10 Gb/s. At 10 Gb/s, a 1 dB eye closure penalty due to
chromatic dispersion is not typically measured until 65 km.
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Figure 2.9 Fiber optic system using birefringent crystals to perform chromatic
dispersion compensation (Adapted from [29])

A fifth optical method which can be used to limit the effects of dispersion is to use a
planar lightwave circuit (PLC) in the optical path. Takiguchi et al. [30] proposed using a
PLC which consisted of 12 couplers with asymmetric arm lengths cascaded in series. This
design is analogous to a cascade of dual arm modulators with control of the delay in each

arm. A short distance system using a PLC is shown in Figure 2.10.

In Figure 2.10, the relative path difference AL can be achieved through a fixed
delay or with a thermo-optic (TO) phase shifter on the optical waveguide. Thermal control
of the waveguide changes the light’s effective path length. It was suggested by Takiguchi
that the chromatic dispersion of the equalizer could be varied from negative to positive
values by TO phase control in the optical waveguides. By varying these parameters, a
desirable magnitude and phase response for the equalizer could be formulated. Thus, using
this adaptive effect, a particular length of single mode fiber with a given dispersion
characteristic could be equalized by generating a PLC device which matched the magnitude
and reversed the sign of the dispersion generated by the single mode fiber. This type of
system could also be used in a switched optical network where the fiber lengths vary. In
this scenario, the amount of dispersion induced on a signal may vary depending on the
originating point of the signal. To adapt to this change, the electrical signals applied to the
TO controls would be adjusted to provide a magnitude and phase response appropriate for

equalizing the incurred dispersion.
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Figure 2.10 Fiber optic system using a PLC to perform chromatic dispersion
compensation (Adapted from [30])

A sixth method which can be used to limit the effects of chromatic dispersion is to
frequency chirp an external Mach Zehnder (MZ) modulator. MZ modulators are often used
to modulate a lightwave carrier with high speed digital information. MZ modulators allow
faster modulation of coherent laser light than is achievable by modulating the laser directly.
Frequency chirping is a method by which small shifts in frequency of the optical carrier
within the pulse offset the effects of chromatic dispersion. An example of a dual arm MZ

modulator is shown in Figure 2.11.
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Figure 2.11 Dual arm Mach Zehnder modulator
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In this device, light is split equally into the two arms through a Y junction, is
delayed independently in each arm, and is then recombined through another Y junction.
The light in each arm is phase delayed relative to applied electrical signals on each arm. The
MZ modulator makes use of the Pockels effect in the optical waveguide to create the phase
delay in each arm. The nature of this effect is where the refractive index of the waveguide
changes linearly with applied electric field. Careful choice of the applied electrical signals to
each arm of the modulator provides an optical intensity pattern at the output of the

modulator which contains the desired information in an amplitude modulated form.

In order to see how a MZ modulator can be chirped, consider the complex external

modulator transfer function given by:

)+—E'lexp(j1t%J (2.9)
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_ _l'.ex e 1
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where V,, is the modulator’s switching voltage, also defined as the required voltage to

induce a 180 degree phase shift of the light in a waveguide, V| and V, are the driving

voltage signals on each arm of the modulator, E,,, is the output electric field and E, is the

input electric field which can be written as:
E,, = exp(jo,t) (2.10)

where , is the optical carrier frequency and ¢ is time.

Through algebraic manipulations, equation 2.9 can be rewritten as [31]:

Eo = En cos(z’f,u (vz—vl))exp(j T (VZ+V.)) 2.11)
In equation 2.11, it can be seen that the transfer function between the input electric field and
the output electric field contains an amplitude modulating term (cos) and a phase
modulating term (exp). Chirping is generally defined as a nonzero value for the phase term.
For small-signal drive conditions with mathematically similar waveforms and an
appropriate dc bias, the chirp parameter of a MZ modulator is roughly constant and
determined by the peak-to-peak values of the ac electrical drive signals for each arm [31].
The chirp parameter ¢ is given by:
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VL, +Vy

o =2
-V

(2.11)

In some cases, it is ideal to drive a MZ modulator in a chirp free manner such that
oo = 0 which can be achieved by driving the MZ modulator with balanced drive signals

such that V, = -V, . In this case, the phase term in equation 2.11 is zero and the amplitude

modulation is maximized.

It was shown in by Gnauck et al. [32] and Cartledge et al. [33] that choosing a
nonzero value for the chirp parameter can be advantageous depending on the fiber
dispersion coefficient and the fiber length. By operating the MZ modulator with small
negative chirp (i.e. oo =—1), the dispersion limited distance can be slightly extended over
chirp free transmission. Prechirping essentially predistorts the phases of the frequencies in
each pulse before it encounters the chromatic dispersion caused by the fiber. This effect has
been called pulse compression since in space, negative dispersion imparts a red shift on the
rising edge of a prechirped digital pulse and a blue shift on the falling edge. The result is
the rising edge travels slower than the falling edge because of the difference in group
velocity in the fiber. Therefore, as a digital pulse propagates down the fiber, it will become
compressed for a given distance giving it an anti-dispersive property. The correcting effect
supplied by prechirping a pulse is limited since after a certain fiber length, the pulse will be

fully compressed and will then begin to decompress.

A seventh method which can be used to limit the effects of chromatic dispersion is
to differentially delay the upper and lower sideband of the modulated optical signal. It was
reported by Djupsjobacka et al. [34] that this method is beneficial but does not accomplish
complete dispersion compensation. However, they claim that this technique is superior to
the common prechirp technique. An example of an optical system implementing this
technique is shown in Figure 2.12. Djupsjobacka stated that the differential delay device
could be placed at any point along the fiber path; it is shown following the optical

transmitter in Figure 2.12.

The incoming optical signal to the differential time delay circuit is split by a 3 dB
splitter. In each branch there is an optical narrowband filter. The bandwidth is chosen so as

to allow only the upper or lower sideband modulation sideband to pass through. In one of
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the branches the corresponding sideband is delayed a time T relative to the other sideband
to compensate for the different propagation times in the dispersive fiber. This type of delay
is similar to that provided by the Fabry Perot design presented by Gnauck [27] since only a
select range of frequencies related to the delay time are properly corrected for the effects of
chromatic dispersion induced by the fiber. This method is susceptible to temperature
fluctuations in the two branches resulting in an effective path length difference for each
sideband.
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Figure 2.12 Fiber optic system using differential time delay of the upper and lower

sidebands to perform chromatic dispersion compensation (Adapted from [34])

2.2.2 Post Detection Methods

A second general method to compensate for the effects of chromatic dispersion is
post detection electronic equalization [35]. Electrical equalization after detection cannot be
performed on a regular transmitted optical double sideband (DSB) signal since the phase
distortion incurred by the fiber on the information sidebands is different for each sideband
and thus the phase delay incurred by the fiber is no longer reversible due to the backfolding
of the upper and lower sidebands upon detection. Electrical equalization can be performed
on a coherently received optical DSB signal if the equalization is done at an intermediate
frequency (IF) which is higher than the highest frequency in the baseband signal. This can
be accomplished by using a local oscillator (LO) at the photodetector and mixing the
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received optical signal to an IF, electrically equalizing the signal, and then mixing the IF
signal down to baseband. An example of this type of operation is shown in Figure 2.13.

In Figure 2.13, f, represents the optical carrier frequency while f, represents the

bandwidth required to transmit the data; for binary signals, this is approximately the bit
rate. In Figure 2.13 (a), a baseband DSB signal is shown before modulation. In Figure
2.13 (b), an optical DSB signal is shown after modulation onto the optical carrier with the
phase information incurred by the chromatic dispersion represented with a hatching of the
magnitude spectrum. The corresponding square law detected baseband signal is shown in
Figure 2.13 (c). In Figure 2.13 (c), the cross hatching from the lower sideband (LSB) and
the upper sideband (USB) overlap representing a destruction of the phase information
incurred by the chromatic dispersion. Thus, the chromatic dispersion incurred on the
received signal in the form of a frequency dependent phase delay is not readily reversible.
However, if the DSB signal in Figure 2.13 (b) is coherently detected with a LO of a
frequency different from the source, the phase information represented by the cross
hatching is primarily preserved as shown in Figure 2.13 (d) and can generally be reversed
through post-detection electronic equalization. The IF signal is then subsequently mixed

down to baseband for further signal processing.
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Figure 2.13 Magnitude and phase of DSB (a) baseband, (b) optical, (c) detected

baseband and (d) detected IF signals
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An example of a system which uses electronic equalization with a LO at the receiver

is shown in Figure 2.14.
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Figure 2.14 Fiber optic system using electronic equalization at an IF to perform
chromatic dispersion compensation (Adapted from [35])

One approach to electronic equalization demonstrated by Takachio ez al. [36], [37]
was to use a microstrip line on the received electrical signal. The section of microstrip used
for the equalization has the approximate inverse nonlinear phase characteristics of the
chromatic dispersion induced by the fiber. Generally, for a given length of fiber, a certain
amount of microstrip was required to compensate. Detecting the optical signal at an [F was
required in this case since an optical DSB signal was transmitted. One of the drawbacks of

using microstrip equalizers is their frequency dependent attenuation.

Winters [38] proposed using a microwave waveguide instead of a microstrip line to
perform the equalization. The suggested advantages of the waveguide over the microstrip
were lower radiation from the device into other parts of the receiver and lower signal
attenuation while the disadvantages included a higher IF frequency in the waveguide and

possibly more expensive construction when compared to a microstrip line.
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Winters [39] also created a fractionally spaced equalizer which was implemented
with an analog tapped delay line. This equalizer had the advantage of being adaptive and
could thus equalize chromatic dispersion over varying distances making it also applicable to
optically switched networks. By varying the tap weights, the amount of equalization could

be varied.
2.2.3 Transmission Format Methods

A third general approach which reduces the effects of chromatic dispersion but does
not eliminate it is to modify the transmission format such that the baseband signal spectrum
is compressed. For example, coding a binary signal in a duobinary format reduces the
required transmission bandwidth by a factor of two. By reducing the bandwidth (B) by a
factor of two, the difference between the highest and lowest frequency in the information
spectrum is less. Thus, examining equation 2.8, it can be seen that the dispersion is
reduced if the difference between the highest and the lowest frequencies is reduced. It is
important to note that if the required transmission bandwidth has been reduced, the
transmitted signal must be filtered down to the minimum required transmission bandwidth.
If the signal is not filtered, even though a duobinary signal is transmitted, the spectral
content above the minimum required bandwidth will still corrupt the received signal and no

improvement in the transmission distance will be measured.

A duobinary receiver was shown by May et al. [40] and a duobinary transmitter
was shown by Yonenaga et al. [41]. It is interesting to note that in Yonenaga’s
implementation, the transmission is in an amplitude modulated - phase shift keyed (AM-
PSK) format where the electrical information is encoded in a duobinary format at the optical
electric field level, however, the MZ modulator used to modulate the information on the
carrier is biased such that upon square-law detection, the received electrical signal is in a
binary format at the optical power level. This type of signaling sees the benefits of reduced
effects of chromatic dispersion since the bandwidth of the signal at the electric field level is
reduced by the duobinary format and also sees the benefits of improved noise immunity of

binary signaling since the detected optical signal is two level and not three.

A duobinary transmitter in conjunction with chirped fiber gratings was

demonstrated by Loh er al. [42] and also Ennser et al. [43]. This approach has a dual
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benefit in that the optical transmission bandwidth is effectively reduced and optical
compensation in the form of the grating both help reduce the effects of chromatic
dispersion. By reducing the effective bandwidth at the electric field level, more dispersion
compensation could be obtained out of the gratings. As was mentioned before, due to the
fixed size of gratings created with a stationary mask, there is a bandwidth-dispersion
product limit. Thus, reducing the optical bandwidth requirements allows for the increase of

grating dispersion compensation.

Duobinary signaling is one example of multilevel signaling. Higher order multilevel
signaling formats can also be used to reduce the required transmission bandwidth further
for a given bit rate. In general, with multilevel signaling, the amplitude of the carrier is
switched between multiple levels where each level represents two or more bits of
information [44]. If q is the number of bits represented by each symbol, then the number of
levels required for each symbol is 27. For example, if a two level binary signal was coded
into a four level format, the required transmission bandwidth would be reduced by a factor
of two. Consequently, the transmission length could be increased by a factor of four to
maintain the same dispersion penalty. A multilevel decoder is generally required in these
systems. An example of a multilevel system is shown in Figure 2.15. In this case, the

multilevel electrical signal must be filtered down to B/4 before optical transmission.
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Figure 2.15 Multilevel signaling system
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One hybrid of multilevel signaling is polybinary signaling. It also offers a benefit
with regards to dispersion immunity, also due to a type of reduced spectral width.
Polybinary signals are multilevel signals developed by introducing correlation among the
bits in a binary sequence. This process is referred to as correlative-level coding or partial
response signaling [44]. The interesting property of binary signals is that power is
redistributed such that there is more relative power at lower frequencies (frequencies closer
to the carrier in the modulated signal). Since phase distortion of the information increases
for frequencies farther away from the carrier when transmitting over dispersive fiber,
polybinary signals are more immune to dispersion. Polybinary signaling also requires

proper electrical filtering at the transmitter and receiver as is done in the multilevel case.

27



Chapter 3 Theory of Optical Single Sideband

3. THEORY OF OPTICAL SINGLE SIDEBAND

3.1 Benefits of Optical Single Sideband

The generation, transmission and detection of SSB signals has been used in the
radio frequency (RF) and microwave regions of the electromagnetic spectrum to reduce the
bandwidth of the signal by a factor of two and to improve the signal to noise ratio at the
receiver [45]-[49]. The primary purpose behind SSB systems in the RF domain has been to
allow closer channel spacing in a multichannel RF system. When a RF carrier is modulated
with a binary information signal, a DSB spectrum results. Thus, the closest that the RF
carriers can be spaced, theoretically, is 2 f,,,, where f, . is the maximum frequency in the
information signal. When the information signal is transmitted on the RF carriers in a SSB
format, the carriers can be spaced by f,... Thus, in a RF system where the overall
available bandwidth is limited by physical limitations or by regulation, the number of

separate transmitted channels can be doubled if SSB is used instead of DSB.

An optical carrier can also be modulated with a binary information signal to result in

a SSB output spectrum. The first benefit, due to the fact that the transmitted signal
spectrum is SSB, is that the multiple optical carriers could be spaced by f,, instead of

2 frax Which is required for DSB information signals. This is analogous to the RF case.
Additional advantages of optical SSB transmission arise from reducing the effects of
chromatic dispersion. First, a dispersion benefit would accrue due to the fact that the
bandwidth of the transmitted signal spectrum has been reduced by a factor of two. As was
shown in Chapter 2, the chromatic dispersion from the first order group velocity dispersion
increases with the square of the frequency. Thus, if the difference between the highest and
lowest frequency in the optical signal is reduced by a factor of two, the dispersion penalty

decreases by approximately a factor of four. A second and even more significant advantage
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of optical SSB transmission is that upon square-law detection, we end up with a dispersed
baseband signal where the information of the relative arrival time of the various signal
frequencies remains as part of the electrical output signal. Hence, the fiber dispersion can
be compensated in the electrical domain after detection. This advantage is similar to that for
heterodyne detection of DSB signals, but with SSB transmission and detection, it is the
electrical baseband signal that has the phase or delay information incurred by the fiber

primarily preserved.

An example of a heterodyne detection system was originally shown in Figure 2.13.
In a heterodyne detection system, a LO is required at the detector in order to mix the
received signal to an [F. At the IF, frequency equalization can be done with subsequent
mixing down to baseband. One inherent problem with heterodyne detection is stabilizing
the LO so that fluctuations in the IF are minimal. If an optical DSB signal were square-law

detected in the conventional manner, the baseband signal could not be equalized.

To better show how an optical DSB signal that is square-law detected cannot be
equalized, but an optical SSB signal that is square-law detected can, the phase information
incurred by chromatic dispersion on an optical signal is shown again by hatching the

magnitude spectra in Figure 3.1.
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Figure 3.1 Magnitude and phase of DSB, (a) and (b), and SSB, (¢) and (d), signals
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In Figure 3.1, f, represents the optical carrier frequency while f, represents the

bandwidth required to transmit the data. In Figure 3.1 (a), an optical DSB signal is shown
while the square law detected baseband signal is shown in Figure 3.1 (b). In Figure 3.1
(b), the hatching from the LSB and the USB overlap representing a destruction of the phase
information incurred by the chromatic dispersion. Thus, the chromatic dispersion incurred
on the received signal is not readily reversible. However, if the SSB signal in Figure 3.1
(c) is square law detected, the phase information represented by the hatching is primarily
preserved as shown in Figure 3.1 (d) and can be compensated (reversed) through post-
detection electronic equalization. The purpose of the spectra in Figure 3.1 are to better
explain the difference in phase information of received DSB and SSB signals. Higher order
spectra resulting from distortion in the square-law detection process have been omitted in

this figure for clarity.

Heterodyne detection systems use a LO to mix the optical signal down to an IF. The
DSB and SSB systems shown in Figure 3.1 are also mixed down to baseband through the
square-law detection process. The LO is the optical carrier itself. The process can be
described as a sort of self-homodyne detection process. In multi-gigabit transmission
systems, MZ modulators similar to the one shown in Figure 2.11 are used to modulate the
digital information onto the optical carrier. Proper biasing of this modulator ensures a
significant carrier remains in the transmitted signal which provides the LO for self-

homodyne detection at the receiver.

Modulating optical carriers with multi-gigabit per second binary information in a
DSB format is the standard approach used today. The goal then is to formulate a method or
methods which would allow the modulation of the information onto the optical carrier in a

SSB format. The information should be recoverable through square-law detection.
3.2 Prior Art in Optical Single Sideband Systems

A SSB signal is a mathematical version of a DSB signal. For a normal DSB signal
m(t), the analytic SSB form of it can be obtained by [50]:

mgsg(t) = m(t) £ jm(t) (3.1
where the * gives the LSB/USB.
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m(t) is the Hilbert transform of m(t) where the Hilbert transform is defined as shown in
Figure 3.2 with |H(®)| the magnitude and 6, (®) the phase of the Hilbert transform.

|H(w) 0,(®)

1 7

%

Figure 3.2 Magnitude and phase of a Hilbert transform filter

If the SSB signal is modulated onto a carrier, the SSB signal would be of the form:
mggp(t) = m(t)cos(w t) £ m(t)sin(w,¢) (3.2)

where o, is the carrier frequency. In the case of an optical system, the carrier @, is the

optical carrier and m(t) is the modulating information.

Foreseeing the benefits of optical SSB, the first optical SSB transmitter was
designed by Izutsu er al. [51]. Their integrated optical SSB modulator, shown in Figure
3.3, was fabricated using LiNbO, waveguides. The system is comprised of four guided
wave phase modulators (PM) and three phase shifters (PS). A PS is a device which imparts
a constant phase offset to the incoming carrier while a PM is a device which modulates the

phase of the incoming carrier with an applied electrical signal.

Izutsu er al. demonstrated optical SSB with a single frequency tone ¢ as the
modulating signal. This made generating the Hilbert transform, ¢', of the modulating
signal relatively easy since the Hilbert transform of a carrier with a cosine type phase is just

the 90 degree phase shifted version, sine.

The operation of Izutsu’s design is such that the PS in arm b in Figure 3.3 allows
the modulators to be fed optically in quadrature. This provides the cosine and sine carriers
to be modulated as shown in equation 3.2. The PMs and PS in arms ¢ and d are used to
amplitude modulate the cosine carrier with information ¢. The PMs and PS in arms e and f
are used to amplitude modulate the sine carrier with the Hilbert transform of the information
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¢' . The resultant output is a optical SSB version of equation 3.2 with the information

essentially being tones.
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Figure 3.3 First integrated optical SSB transmitter (Adapted from [51])

Olshansky {52] also designed an optical SSB system using a MZ modulator as the
SSB modulating device. The SSB modulator was designed for narrowband applications for

the purpose of transmitting two or more optical signals with different optical carrier
frequencies on a single fiber. Optical carriers could thus be spaced by f ., instead of 2 f_

as in the DSB case where f,, is the maximum frequency in the modulating signal. This

design can be classified as an example of a narrowband application since each baseband
signal was modulated onto a RF carrier before driving the modulator. A schematic of the

MZ modulator similar to the one used in Olshansky’s design was shown in Figure 2.11.

In Olshansky’s design and in the ones that follow, it is important to note that the
MZ modulator has two separately accessible arms. This is important in certain types of
optical SSB generation since the signals driving each arm are generally different. Some MZ
modulators do exist where only one signal drives one arm of the MZ and the other arm is
grounded. This type of MZ modulator will not work alone for optical SSB, although it
does provide a type of amplitude modulation. A MZ modulator that has a configuration
such that one signal can drive both arms in a chirp free manner would work in one type of

SSB modulation as will be shown later.

In Figure 2.11, E,, and E,

out

represent the input and output optical electric fields. In
Olshansky’s design, the signals V| and V, required to make E,,, SSB are of the form:
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(1) = ZB;sin(w; +8§;) (3.3)
V,(¢) = XB; cos(w;z +8;) — V% (3.4)

where B;, ®; and §, are the magnitude, frequency and phase respectively of the ith
subcarrier and V% represents half of the switching voltage for the modulator. Again, Vit
is defined as the modulator’s switching voltage. In Olshansky’s design, the bias is used as

a means of generating ortnogonal carriers.

The electric field at the output of the MZ modulator in Olshansky’s design is in an
optical SSB form. However, as Olshansky found out, a LO at the receiver with an optical
frequency equivalent to the ith subcarrier optical frequency and proper phase is required in
order to properly detect the information signal in the ith subcarrier. If a LO is not added to
the received signal, a portion of the non-modulated light must be leaked into the transmitted
optical signal. This allows the information spectra to be properly self-homodyne detected at
the receiver. Self-homodyne detection, as previously mentioned, is a method by which
unmodulated carrier is included in the transmitted signal such that the unmodulated carrier
acts as a LO at the receiver so that the information signal is properly mixed to baseband
upon square-law detection. The problem with self-homodyne detection is that only the ith
subcarrier with the non-modulated light is mixed down to baseband. The other information
signals still sit on IF carriers and must subsequently be mixed down to baseband
electrically. Consequently, usually only one information signal is transmitted in a system

that uses self-homodyne detection.

Olshansky’s design was composed mainly for the purpose of more closely spacing
RF carriers with information. However, as was also determined, transmitting RF carriers
in an optical SSB form showed higher immunity to the effects of chromatic dispersion from

fiber than ones in DSB form.

Park et al. [53] and Smith er al. [54] both implemented a version of Olshansky’s
design and demonstrated experimentally an optical SSB signal using a single external
modulator. In both of these experiments, the modulating signals were single channel
narrowband RF signals in the 18 GHz region. What they showed is that RF signals
modulated onto an optical carrier in a DSB format experience detected nulls at points down

the fiber where as the ones modulated in a SSB format did not.
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When RF signals are modulated onto an optical carrier in a DSB format such as
shown in Figure 3.4 (a), the spacing between the upper and the lower RF carrier on either
side of the optical carrier is quite large. As a signal of this nature propagates down the
fiber, the chromatic dispersion imparts a phase shift on each subcarrier such that after a
certain distance, the sidebands would be 180 degrees out of phase. If the optical signal
were detected at this point, no significant electrical signal would be measured because the
sidebands would cancel upon square law detection. This null would occur repeatedly down
the fiber at another length as the dispersion shifted the sidebands come into phase and out
of phase. The first null for a RF carrier of 18 GHz is less than 15 km on standard single
mode fiber.

This cyclical dependence can be shown by combining the fiber transfer function
shown in equation 2.1 with the first order group velocity dispersion term represented in

equation 2.8 to give:
2

H(w,z) = exp(j%[;" ]D(m - ma)zzj (3.5)

c

Examining equation 3.5, it can be seen that if ® is a RF signal represented by a
tone, there will be a phase difference of  between the upper and lower sideband tone for a

given frequency difference between the sidebands, a given dispersion coefficient D and a

given fiber length z.
@ <] I 1 1 I L,
~fo—Jfre =, 0 fo fotfrrF
b) < T T I T >
~fo=Tfrr —fo 0 fo fotfrr

Figure 3.4 Optical spectrum of RF carriers in (a) DSB form and (b) SSB form

Alternatively, if the RF carrier is modulated onto the optical carrier is a SSB form as
shown in Figure 3.4 (b), there are no detected nulls since only one signal carrier sideband

beats against the optical carrier at the receiver and there is no other sideband to cancel with.
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Experimental results of these detected nulls are shown in Figure 3.5 [55]. In this
case, a 17.35 GHz carrier was modulated onto an optical carrier in first a DSB format to
show that there is a detected null at around 13 km and then SSB modulated onto an optical
carrier to show how this null can be reduced. There were two modulator structures used,
one using a single MZ modulator and a second using a cascade of one MZ modulator and
one PM. These two different designs will be elaborated upon later. Wale [56] designed a
MZ modulator specifically for this application. The waveguides and microstrip within a MZ
modulator were specifically designed for this type of application where the driving signals
are in the 18 GHz region.

10 T : T T

- Theory for DSB
-20} + Experimental DSB
o SSB using MZ and PM

* SSB using MZ

-30 L . :
0 S 10 19 20 23

Fiber Length (km)

Relative RF Power (dB)
i
=

Figure 3.5 Relative RF power at 17.35 GHz versus fiber length (Adapted from {55])

Generating an optical SSB signal for a broadband signal such as a baseband digital
signal is much more complicated than for a narrowband signal. The complication lies in
generating the Hilbert transform of the broadband signal. The number of frequency octaves
covered by a baseband digital signal is much larger than for a baseband signal modulated
onto a RF carrier. For the narrowband signal, the Hilbert transform can be accurately
approximated by integration’s or differentiation which phase shifts all signal components
by 90 degrees and introduces a small distortion in amplitude.

To circumvent this problem, Yonenaga et al. [57], [58] created an approximate SSB

signal by first amplitude modulating an optical carrier in a DSB format and then
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subsequently optically filtering the DSB signal. The optical filter was a MZ type optical
filter with a ring resonator in one arm. This provided an adequate optical filter, however,
the roll-off characteristic was less than ideal. As a result, the optical SSB signal degraded to
an optical vestigial sideband (VSB) signal. The system is shown in Figure 3.6.

In the systems implemented by Yonenaga et al., unmodulated light was leaked into
the modulated optical signal at the transmitter in order to properly self-homodyne detect the
optical SSB signal at the receiver. The systems implemented by Yonenaga et al. were phase
shift keyed (PSK) and as such, if there was no extra unmodulated carrier added to the
transmitted information, the square-law detection process would not restore the modulated
information to it's proper form at the receiver. Further, the optical filter partially attenuates

the power in the optical carrier limiting the self-homodyne capability of the signal.

Electrical Drive

Mach Zehnder
Modutator
SZ s (Phase Modulation) Mach Zehnder Optical SSB
Optical Source | SSBFiter [
(Filtering)

(Leaked Carrier)
Figure 3.6 Optical filter to generate SSB (Adapted from [57])

This system of optical SSB generation for a baseband digital signal was the first of
it’s kind. It combats chromatic dispersion in two ways. First it reduces the bandwidth of
the transmitted signal since the difference between the highest and lowest frequency
components in the information is reduced. Second, the relative arrival time of the various
signal frequencies remains as part of the electrical output signal and hence the chromatic
dispersion can be compensated in the electrical domain after detection. Yonenaga et al. used
electrical equalization in the form of microstrip to compensate the phase distortion created

through the effects of chromatic dispersion.
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The problems that arise with the optical filtering method are that filters with
infinitely steep roll-off are hard to make and thus, optical VSB is the best achievable result.
Second, the cost of fabricating custom MZ filters is high. Yonenaga fabricated the filter
with LiNbO, waveguides. These waveguides are created with a precise fabricating
process. Third, the frequency of the laser source is not allowed to vary since the MZ filter
is designed to filter at one specific wavelength. Fourth and finally, additional non-
modulated light must be externally added to the transmitted signal. This light must be in
phase with the modulated light and thus accurate control of the nonmodulated light’s phase
is required. This is not a simple task considering the long path length of the nonmodulated
light around the MZ modulator, the short optical wavelength of transmission and variations

in the path refractive index with temperature.

The direction of this thesis project is to implement SSB without using an optical
filter but rather some variation of Olshansky’s approach to direct generation of an optical
SSB signal. The system must have the capability to handle broadband signals, particularly,
baseband digital signals on the order of 10 Gb/s. Further, it would be beneficial if
unmodulated carrier would not have to be added to the transmitted signal in order to
properly square law detect the baseband signal at the receiver. The result would be an easily
implementable baseband optical SSB system which would limit and allow for the reversal
of the effects of chromatic dispersion. Further, the source could drift in wavelength and the

temperature could vary with no significant impact.

3.3 Theoretical Development of New Optical Single Sideband
Systems

The goal is to create an optical SSB signal as in equation 3.2 where the information
source is baseband binary data which is on the order of 10 Gb/s and the optical carrier has a
wavelength at 1.55 pm. This type of system would allow operation at the attenuation
minimum of standard single mode fiber. It would also allow operation within the EDFA
gain window. Further, by the nature of the optical SSB electric field, this method would
allow for significant equalization post detection in the electrical domain of the chromatic
dispersion incurred by the fiber at the 1.55 pum wavelength. Proposed are three designs
which try to achieve direct optical SSB transmission for this purpose.
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Design 1 for the optical transmitter is shown in Figure 3.7. In this design, the
baseband signal m(t) and the Hilbert transform of that signal mi(t) each drive one arm of a
dual arm drive MZ modulator similar to the one shown in Figure 2.11. A dc bias,
equivalent to V"/2 , is added to the Hilbert transform signal in order to create a phase

difference of 90 degrees between the light in each arm of the MZ modulator. As previously
mentioned, V,, is the modulator’s switching voltage where V. is the applied voltage to one
arm required to phase shift the light in that arm by 180 degrees. The absolute dc bias added
to each arm can be varied, but the relative difference between the dc bias values in each am€m
must be V%. If a relative difference of —V% were used, the alternate USB or LSB

would be transmitted depending on the orientation of m(z). Either the USB or LSB can be
transmitted, however, the choice would depend on both the phase response of the fiber and
that of any electrical equalizer used at the receiver to reverse the effects of the fiber phase
response. In this design, additional unmodulated optical carrier must be added to the
transmitted signal. The power of this additional optical signal should be large enough to
properly self-homodyne detect the optical SSB signal. The phase of this additional optical
signal must be inphase with the light in the path in the MZ modulator which is driven by the
signal m(t).

m(t)
l Optical SSB
Fiber Mach Zehnder Signal

ZS S) ' Splitter Modulator Coupler

Laser
R Bi ’
) ias

Tee

DC Bias =%}

\ Phase

Shifter

Figure 3.7 Design | for optical SSB transmission
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Design 2 for the optical transmitter is shown in Figure 3.8. In this design, a
combination of the baseband signal m(t) and the Hilbert transform of that signal m(t) drive
one arm and a different combination of the baseband signal and the Hilbert transform signal
drive the second arm of the dual arm drive MZ modulator also similar to the one shown in
Figure 2.11. The first combination signal consists of m(r)+ m(t) while the second
combination signal consists of —m(t)+ m(t). A dc bias is added to one or both arms of the
MZ modulator in order to create a phase difference of 90 degrees between the light in each
arm of the MZ modulator. In the design shown in Figure 3.8, the dc bias added to the arm
driven by m(z)+ m(t) is equivalent to _V"A while the dc bias added to the arm driven by

—m(t) +m(t) is equivalent to V"A . Again, the relative difference between the dc bias in
each arm is Ve or Vi depending on which sideband is to be transmitted. In this
2 2 depe

design, additional unmodulated optical carrier does not have to be added to the transmitted
signal in order to properly self-homodyne detect the optical signal. There is enough
unmodulated carrier left in the signal to maintain proper self-homodyne detection. This
combination of drive signals allows the MZ to be amplitude modulated by m(z) and phase
modulated by r(r) such that the optical electric field is SSB. Consequently, Design 2
presents an improvement over Design 1 in that extra unmodulated carrier does not have to
be phased and added to the modulated light. Thus, existing MZ modulator designs can be

used without optical modifications at the transmitter.

DC Bias = ‘V%

- Bias
m(t) + m(t) — Tee
Optical SSB
. Signal
Fiber Mach Zehnder g
ZS S> Modulator

Laser

—m(D) + ) —— Bias

Tee

eV
DC Bias = %

Figure 3.8 Design 2 for optical SSB transmission
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Design 3 is a modified version of Design 2. In Design 2, the driving signals r(r)
on each arm of the MZ modulator operate effectively as a PM on the light. Since the system
is linear in the optical domain, the m(t) signals can be moved to a separate PM as shown in
Figure 3.9 with no difference in terms of the mathematics. it is important to note, however,
that the timing of the signals m(r) and ra(t) is critical in both cases. In Design 2 it seems
obvious that when m(t) and ri(t) are combined that m(t) represents the Hilbert transform
of m(t) at all instances of time t. However, in Design 3, the signal m(r) must be delayed
with respect to m(t) by a time equal to the delay in the optical signal between the MZ
modulator and the PM. A schematic of the PM is shown in Figure 3.10. It’s operation is
similar to that of one arm of a MZ modulator. The PM also uses the Pockels effect in phase
modulating the input carrier with the applied electrical signal.

.. -V
DC IBnas = %
Bias
) ————
m(t) Tee
Optical SSB
Signal
Fiber Mach Zehnder | Phase
ZS S> Modulator Moduiator
Laser T
—m(1) Bias )
Tlee m(t)
. V.
DC Bias= %

Figure 3.9 Design 3 for optical SSB transmission

Substrate

Figure 3.10 Phase modulator
40



Chapter 3 Theory of Optical Single Sideband
To demonstrate the exact nature of the SSB signals, the mathematical form of each

design is derived below.

For all of the designs, the MZ transfer function can be written in a2 complex form:

E, Vi E; |2
E =_"ine t—- |4+ =2 T —2- 3.6
our = Xp(ﬂt v ) > exr{ﬂt v ) (3.6)

T .4

where V,_ is the modulator’s switching voltage and V, and V, are the driving voltage

signals on each arm of the modulator.

The optical electric field of the light entering the modulator is:
E, = exp(jo,t) (3.7)
where @, is the optical carrier frequency and ¢ is time.

The transfer function in the electric field domain for the PM is simply:

Eaul = Ein cxp(ﬂci‘f-) (38)

T
where V; is the applied voltage to the PM arm.
The driving signals for Design 1, the unbalanced drive case, are:
Vi = PV,m(z) (3.9)
- Vi
V, = PVnm(t)+7 (3.10)

where m(z) is the ac coupled binary data with magnitude of one, m(t) is the Hilbert
transform of the modulating signal and P is an amplification factor of the modulation

signal.

Thus, substituting equations 3.7, 3.9 and 3.10 into equation 3.6 gives:

l

B = g exeljo, ] exalmp(m(0) +exp{ 7eP((0) + 1% )| G.10)

If we let x = tP in equation 3.11 and expand into a Taylor Series showing up to the third

order we get:
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(1 + jxm(t) — %xzmz(t) - jéx3m(t) +- )

E,, = lexp( Jjo,t) (3.12)
2 ) . A I 5. A o5
+j l+jxm(t)—5x"m(t)—j-6—x m(t)+---
which can be rearranged in the form:
l——l-xrﬁ(t)—ixzmz(t)-i-—l—x (1) +-- )
. 2 4 12
E,. =exp(jo,t) (3.13)
+ j(i+lxm(:)-i #2(6) = (1) +-- )
2 2 4 12

From equation 3.13, it can be seen that the optical electric field is single sideband to the
first order for the information signal m(t), however, the carrier is partially in phase with
both the information signal m(¢) and the Hilbert transform signal 7(z). Thus, extra carrier
C must be added in phase with m(t) to limit the distortion created by m(t) after detection.

e-lxﬁz(z)-—z (z)+ 3(z)+--.)
| | | (3.14)
+j(C+5+—xm(t)—Zx2r?12(t) - E.\t3m3(t)+---)

If the effects of dispersion are ignored, the square-law detected optical power or the
square of the optical electric field is:

1

[ a.s 121,
EX +—'“t+(C+)+—“2t
L= tr i) +(cr L] +emi()
-ixrﬁ(z)-lxzmz(z)+-l—x3,;z3(z)+(C+l)xm(z) (c+ 1)‘ 2 (1) (3.15)
2 2 12 2 2)2

1)1 - -
—(C + E)gx3m3 (0)+ %x3m(t)m2(t) - ix"’m(t)mz(t) +
which simplifies to:

+(c+%)- +(C+%)xm(t)—%n?1(t) -
+ 5 0)=(C+ Lm0 4 RO )~ Lm0+

EZ

out

x4i2(t)

(3.16)
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From equation 3.16, it can be seen that the information signal m(t) is now recovered from
the single sideband format with minimal distortion if x remains less than 1 and C is large

with respect to 3

If dispersion from a nonzero fiber length is to be included in the analysis, the
detected signal cannot be represented in a closed time domain form as it is for a fiber length
of zero. Since the fiber is a distributed line, it is more easily represented by the frequency
domain transfer function shown in equation 2.1. Thus, a fast Fourier transform (FFT) of
the input optical electric field is done, the resultant is multiplied by the fiber transfer
function , and then the inverse fast Fourier transform (IFFT) of the product is performed to
obtain a representation of the optical electric field at the output of the fiber. This new time
domain signal can then be square-law detected to obtain the resultant electrical signal. This

process is shown in equation form as:
Eaul—-ﬁber = IFFT(H((O’ Z) * FFr(Ein—ﬁber )) (3. 17)

Ei_ fiser Would be the same as E,,, in equation 3.14. The square-law detected signal would

L. out

then be

Euu(— fiber|

Considering now Design 2, the driving signals for this balanced drive case are:

v, = PVK(m(t)+r?z(t))—% (3.18)
) V,
v, = PVK(—m(t)+m(t))+—:- (3.19)

Substituting equations 3.8, 3.18 and 3.19 into equation 3.6 gives:
E, = %exp( j(x)ot)[exp( JjreP(m(e)+ m(t)) — j %) + exp( JP(—m(e) + m(t)) + jg-):l
(3.20)

If we let x = TP in equation 3.20 and expand into a Taylor Series showing up to the third

order:
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E.= mexp(ﬂﬂof)

(1-J)

which can be expanded to:

|
E A = {
out ) (‘2 exp(.’mot)

which simplifies to:

1 1 | 1 ~2 ]
ﬁ+—ﬁm(t)—mx m ([)—m‘x m ([)
1 3 3 1 ~2
. —-675-1‘ m (t)—mx"’m ()m(e)+---
Eaul = exp(jmat) 1 ) i 5 ) 1 3.3
. v_z—xm(t)+7_2—x m(t)m(t)—m-x m=(t)
———X3m()m* () + -
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1+ jx(m(t) + m(z)) —%xz(m(t) + (1))
—j R (m(e)+ () +-

1+ jx(—m(t) + rm(t)) — %xz (—m(r)+ r?z(t))2

+(1+))

- jgx3(—m(t) +m(r)) +--

(3.21)

1+ jx(m(r) + im(r)) —%xz (m(t) + m(r))” - j éx:"(m(t) +r(t))’ +---

i+ x(m(e)+ () + j%xz(m(t)+r?l(t))2 —%xB(m(t)+r?l(t))3 e

+l+ jx(—m(t)-i-r?z(t))—%xz(—m(t)+r'r‘z(t))2 _ jéx:‘(—m(t)+rfz(t))3 .

+j = x(~m(t) + m(2)) - j-;—xz (=m(e)+ i(0))* + éx3(—m(t)+ () +---

22

(3.22)

(3.23)

Thus, from equation 3.23, it can be seen that the optical electric field is single sideband to

the first order for the information signal m(t) and there is a carrier in phase with m(zr) for

self-homodyne detection.

If the effects of dispersion are ignored, the detected signal is:
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E:|= Lol 2(r) +—x mz(t) xtm?(¢) L (2) ——1-x3m3(t)
2 2 2 6
1 1 1 (3.24)
-5 % 32 (6)m(t) + xm(z) —5* m3(t)—5x w2 (O)m() + x> (£)m(t) + - --
Equation 3.24 simplifies to:
211 2 3 3
Eaul 5 L m(t) - ;X m (t) +- (3.25)

From equation 3.25, it can be seen that the information signal m(t) is recovered
with minimal distortion if x remains less than 1. Further, the phase modulation from m(r)
cancels. If the effects of the fiber dispersion are not ignored, the recovered optical power is

calculated in the same format as shown in equation 3.17 with the fiber transfer function.

It is interesting to note that for Design 2, at zero fiber length, the second order
information terms generated by the MZ modulator in the electric field mixing against the
carrier cancel with the second order terms generated by the squaring process of the first
order electric field terms. However, if the fiber is anything longer than zero, the fiber
transfer function, which acts on the electric field, distorts the phase of the second order

components differently such that they no longer cancel in the final detected power.

Design 3, using one MZ modulator and one PM, is mathematically equivalent to
Design 2. In Design 2, both arms of the MZ modulator are modulated with m(z), thus, this
is equivalent to modulating the combined output of the MZ modulator with m(t). Design 3

creates the same optical SSB signal using the driving signals:

V, = PVKm(t)—% (3.26)
VK

V, = —PVnm(t)-i-T (3.27)

V; = PV m(t) (3.28)

where V| and V, drive the MZ modulator and V; drives the PM.

Equation 3.23, which represents the electric field output for Design 2, is equivalent
to the electric field for Design 3.
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The electric field for both Design 2 and Design 3 can also be written in another form

E,,,. = exp(jo,t)exp(jxrm(t))cos(xm(t) ~ ) (3.29)

From equation 3.29 it can be seen that the electric field is amplitude modulated and phase
modulated. The amplitude modulation is similar to that used for DSB modulation. Thus,
phase modulating the optical DSB signal with the Hilbert transform of the information

creates an optical SSB signal.

If a more general case is analyzed for Design 2 and 3 where the phase angle
between the two arms is allowed to vary, we see that the electric field will remain single

sideband if the ratio between m(t) and m(t) is no longer restricted to a value of one and is

also allowed to vary.
For example, let the driving signals for Design 2 be:
Vi = PV.m(t)+ QV,.m(t)+ V, (3.30)
V, = —=PV.m{t)+QV,.m(t) -V, (3.31)

where P and Q are independent modulation parameters and V, is the dc bias which

provides for a phase difference of 6 between the two arms.

Substituting equations 3.8, 3.30, 3.31 into equation 3.6 and letting x =P and y = nQ,

the new optical electric field equation can be written as:

E,,, = exp(jo,t)exp(jym(t))cos(xm(r) +6) (3.32)

oul

Expanding equation 3.32 into a Taylor series gives:
Eaul = exp(jcoot)[l +.Iy’;l(t) - yZ'ﬁz (t) _jy3';l3 (t) +-- ]
in(0
[cos(e)—xsm(e)m(t) 2 °°S(9) m® (1) + x° S‘—';(—)m3 (1) +] (3.33)

which can be simplified to:

46



Chapter 3 Theory of Optical Single Sideband

— xsin(@)m ) m —xZ&(mm2
—exp (jcoat) cos(6) — xsin(8)m(r) + jycos(0)m(r) 5 () (3.34)

—x? cos(0)m(t) — jxysin(@)m(t)m(t) — y* cos(8)m>(£) +---

E

out

From equation 3.34, it can be seen that the signal E_, is SSB if the coefficients of the first

order m(t) term and the first order m(t) term follow a tan(8) ratio as determined by:

= %:((_e? (3.35)
The ratio is plotted on a log scale in Figure 3.11. As can be seen, if 0 is 45 degrees
or Va 4 » the ratio is one as originally discussed.
2
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Figure 3.11 Ratio of m(t) to m(t) versus bias angle 0

The general dual arm MZ transfer characteristic showing the output electric field and
power versus the bias angle 0 is plotted in Figure 3.12. In the original derivations, the

operating point was always 6 = V’}é with small signal modulation around that point. In

Figure 3.12, this bias angle corresponds to the most linear power point. However, the

most linear electric field point is at 6 = Ve 5 . However, at 8= Ve 5 » the optical carrier

would be extinguished and would eliminate the capability for self-homodyne detection in
Design 2 and 3. In addition, the larger the modulation depth on the MZ modulator, the
more distortion that becomes present in the optical SSB signal in the form of unwanted
sideband and unequalizable distortion terms generated by the square law detection process.

On the other hand, the MZ modulator cannot be driven with too low a modulation depth or
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else there is too small a difference between light levels for a O and a 1 for the purposes of
noise immunity. Thus, an optimal condition for bias point and modulation depth should
exist which minimizes distortion from both the MZ modulator and the square-law detection

process as well as maximizcs noise immunity.
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Figure 3.12 Normalized output electric field and power versus bias angle 8 for a dual

arm MZ modulator

3.4 Hilbert Transforms of Broadband Baseband Signals

Generating an accurate Hilbert transform of a broadband signal such as a baseband
10 Gb/s digital signal is not a trivial task. A method for generating an electrical SSB signal
that could be applied to a broadband case was first disclosed by Weaver [59]. In this
method, the information signal first simultaneously modulates in-phase and quadrature
sinusoids at a carrier frequency f;, . In each of the two resulting branches there is a lowpass
filter with cutoff at f, followed by second respective inphase and quadrature modulation at
a higher carrier frequency. This is illustrated in Figure 3.13. The resulting signals in the
two branches are combined to form a SSB modulated carrier signal. In Weaver's method,
the frequency f; is equal to 0.5 B which is one half the bandwidth B (10 GHz) required to
transmit the information. The carrier frequency applied to the second inphase and

quadrature pair of modulators has frequency f. which is greater than f,.
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sS8
signal

Figure 3.13 Weaver’s method to generate a SSB RF signal (Adapted from [59])

If Weaver’s method were to be used to generate a Hilbert transform in one of the

previous designs in order to generate an optical SSB signal, some modifications would

have to be made. In the modified approach, an optical modulator could be used in place of

the second inphase and quadrature carrier frequency modulators disclosed by Weaver.

Weaver's method could be implemented in the modified form shown in Figure 3.14.
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Figure 3.14 Modified Weaver approach used to generate the Hilbert transform of a

broadband signal
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In order to explain how this design generates the Hilbert transform of the
information m(t), we examine the modified Weaver approach in more detail. We will
examine each point in the system from a frequency domain prospective in a written and
graphical form. To aid in this explanation, the magnitude spectra of the signals at various
stages in the system using the Hilbert transform generator shown in Figure 3.14 are shown

in Figure 3.15. An arbitrary binary baseband signal is chosen for illustrative purposes.

To start, the input signal m(t) at (i) in Figure 3.14 is first bandlimited to
frequencies less than the first null in the power spectral density of the signals which, for
binary signals, is at the bit rate. Figure 3.15 (a) represents the original ideal binary
baseband signal which corresponds to a perfect nonreturn to zero (NRZ) signal. Figure
3.15 (b) represents the lowpass filtered version of this ideal binary baseband signal. One
way to achieve this filtering is to use a third order Butterworth filter with a 3 dB cutoff

frequency of 0.65B (6.5 GHz). The baseband information can be represented in the
frequency domain as a lower (M) and upper (M) sideband centered around O Hz as

shown in Figure 3.15 (b). In the frequency domain, the filtered baseband signal could be

written as:

M, +M, (3.36)

Subsequently, in Figure 3.14, the bandlimited signal at point (ii) amplitude
modulates, in double sideband form, a cosine carrier whose frequency is equal to bit rate
f, to form the signal at point (iii). Figure 3.16 (c) represents the magnitude spectrum after

the modulation by the first carrier. To show how the modulated signal is written, we first

show that the Fourier transform of cosine and sine carriers can be represented as:

cosine = —;—[S(f -£,) +8(f+fo)] (3.37)

ﬁm=%@ﬁ—ﬂ}ﬁU+ﬂﬂ (3.38)

where & represents a delta function. Thus, since the modulating carrier is at f,, the

resultant signal spectrum can be now be written as:

MU+ £)+ M+ £)+3ML(F )+ 3 Mu(f - £) (3.39)
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This spectrum is subsequently highpass filtered to leave the upper sideband at point
(iv) in Figure 3.14. It is possible to use a lowpass filter in place of the highpass filter at his
point; however, there is an implementation advantage to a highpass or a bandpass design at
frequencies above 10 GHz since the highpass filter results in a larger gap between wanted
and unwanted frequencies at points (v) and (vi) in Figure 3.14 and this reduces the required
complexity of the lowpass filters which follow. Figure 3.15 (d) represents the highpass
filtered version of Figure 3.15 (c). The better the quality of the highpass filter, the better the
cancellation of one sideband. If the filter has unity gain, the filtered modulated signal

spectrum can be written as:

MU~ £)+5Mu(f 4 ) (3.40)

Subsequently, in Figure 3.14, the bandlimited signal at point (iv) is split and both

signals are amplitude modulated, in double sideband form, by a cosine and sine carrier
respectively whose frequencies are again equal to bit rate f, to form the signals at points

(v) and (vii). Figure 3.15 (e) represents the magnitude spectrum after the modulation by
either carrier. The difference between the two spectra is now contained in the phase
information as shown in the new written representation of each spectrum. The signal at
point (v) can be written as:

1 | | 1
g1\/[U(f+2f,,)+§1v[U +§ML(f—2f,,)+—8-M,_ (3.41)

and the signal at point (vii) can be written as:

%Mu(f+2fb)ej% +é—MUe—j% +%ML(f—2f,,)e-j% +-;—MLej% (3.42)

After low pass filtering, the signals at point (vi) in Figure 3.14 can be written as:

i 1
-M, +-M 3.43
g - g Y (343)

and the signal at point (viii) can be written as:

%MLej % +%Mue_j% (3.44)
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The spectral representation shown in equation 3.43 matches the original information signal
spectrum m(t) and the spectral representation shown in equation 3.44 is the Hilbert

transform of the original information.
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Figure 3.15 Magnitude spectra of the signals in Figure 3.14
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Figure 3.15 (f) shows the new magnitude spectra for either the original information
or the Hilbert transform of that information. The difference between these two spectra lies
in the phase information. Thus, the upper and lower sidebands now have an asterisk in
Figure 3.15 (f) to denote that this magnitude spectral representation can be for both the
information and it’s Hilbert transform.

After appropriate amplification for driving a MZ modulator, the first inphase
modulator and filter has output m(t) at point (ix) and the first quadrature modulator and
filter has output m(t) at point (x) which is the Hilbert transform of m(z) in Figure 3.14.

Finally, the output of the optical transmitter which results in an optical SSB or VSB
signal, depending on the sharpness of the filtering, is shown in Figure 3.15 (g). This is the
resultant optical SSB signal. At the receiver, self-homodyne detection by a square-law
optical detector results in the recovered baseband spectrum shown in Figure 3.15 (h).
Electrical filtering of the received signal should be implemented to limit the noise equivalent
bandwidth.

[n contrast to Weaver's original method, the modified Weaver design uses lowpass
filters and first quadrature modulators operating at f, equal to B (10 GHz) as opposed to
0.5B as in the original Weaver design. Further, the modified method does not require RF
heterodyne detection of the signal at the receiver to bring it down to baseband. This
eliminates extra circuitry at the receiver. Finally, the orientation of the final optical SSB
spectrum is correct such that self-homodyne detection results in the proper received

baseband signal.

In Figure 3.16, an alternate version of the implementation shown in Figure 3.14 is
shown. In Figure 3.14, the signals at points (ii) and (ix) are essentially the same so the
redundant components can be removed. The original components are still required for the
path which generates m(r). An important note in this application is that the delay of the
signals m(t) and m(r) must be properly bit aligned. This is of note in this design especially

since circuitry layout is no longer symmetric.
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Figure 3.16 Alternate version of the modified Weaver approach used to generate the

Hilbert transform of a broadband signal

In order to generate the combination signals m(t)+ m(t) and —m(t)+ m(t) which
are required for Design 2, the designs shown in Figure 3.14 and Figure 3.16 can be
modified to include the addition of the design shown in Figure 3.17. In both modified

designs, each signal m(¢) and m(t) is split, appropriately amplified and then recombined to

form the combination signals.

—> Amplifier > Summer |—» m(t) +m(t)

m(t) —
Inverting
Amplifier
y
m(t) ——| Amplifier Summer |— —m() + m(t)

Figure 3.17 Generation of the combination signals
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In the third design to generate the Hilbert transform signal, the Hilbert transforming
function is carried out by a simple tapped delay filter. An example of a general tapped delay
filter is shown in Figure 3.18. This generalized tapped delay approach to modeling a
Hilbert transform is presented in [60]. Tapped delay elements serve to take a time derivative
of the signal and apply a frequency dependent weighting such that each frequency
component has the same amplitude before and after time differentiation. The length of the
tapped delay line determines the lowest frequency which will have the output amplitude
equal to the input amplitude while the spacing between the taps determines the highest
frequency which can be differentiated with respect to time.

Time Delay Time Delay Time Delay Time Delay
»| 2T » T »| T » 2T
Weight Weight Weight Weight Weight
e o @ -2 -2 a _2__ _2_- . e
3rn T r 3n
4
Summer

Figure 3.18 Tapped delay approach to generate the Hilbert transform of a broadband
signal (Adapted from [60])

This tapped delay approach is derived from determining the time domain impulse
response of the Hilbert transform frequency response. Using the frequency domain

description of a Hilbert transform shown in Figure 3.2, the impulse response is as [60]:

h, =2sin®(wk/2)/ 0
A sin”( )/ rtn for n# (3.45)
h =0 n=0

which is shown graphically in Figure 3.19.
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Figure 3.19 Impulse response of the Hilbert transform (Adapted from [60])

In order to generate the proper signals for the optical modulator designs, Design 1
and Design 3, the layout show in Figure 3.20 is used. The signal m(¢) is time delayed in
order to properly phase align it with the Hilbert signal m(z). In Figure 3.20, the Hilbert
transform is shown as being created from Tapped Delay Element 1. Tapped Delay Element

1 would employ the tapped delay element shown in Figure 3.18 with coefficient a equal to

0. If a filter with four taps were used as an example, a time delay of 3T is required for m(r)
in order to properly phase align it with the Hilbert signal m(r). The value of T is generally
less than one bit period for a digital signal. For example, T can be of the order of 0.4 ns for

a 10 Gb/s binary source with a four tap filter.

Del m(t)
o elay L »! Amplifier >
Element 1 .
© (i) (iv)
3
m o] Low Pass .
. Filter
0] (i)
Tapped m(t)
—» Delay ——»{ Amplifier ——>
Element 1 (v) (vi)

Figure 3.20 Circuit to generate independent driving signals

The magnitude spectrum of the signals at various stages in the system using thie
Hilbert transform generator shown in Figure 3.20 are shown in Figure 3.21. An arbitrary
binary baseband signal is again chosen for illustrative purposes. Figure 3.21 (a) represents
the original binary baseband signal while Figure 3.21 (b) represents the lowpass filtered
version of Figure 3.21 (a). The output of the optical modulator which results in an optical
SSB signal is shown in Figure 3.21 (c). The signal can at times be VSB because since, as
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will be shown later, using less than an infinite number of taps results in a vestige in the
transmitted SSB signal. At the receiver, self-homodyne detection by a square law optical

detector results in the recovered baseband spectrum shown in Figure 3.21 (d).
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Figure 3.21 Magnitude spectra of signals shown in Figure 3.20

In order to generate the combination modulating signals for Design 2, the layout
snown in Figure 3.22 is used. Tapped Delay Element 2 would employ the tapped delay
element shown in Figure 3.18 with coefficient a equal to 1 thus generating the signal
m(t) + m(t). Tapped Delay Element 3 would employ the tapped delay element shown in
Figure 3.18 with coefficient a equal to -1 thus generating the signal —m(z) + m(z).

Tapped m(t) + I;l(t)
I Delay ———p Amplifier ———
Element 2 (iii) (iv)
m(t)
»| LowPass N
o) Filter .
(i) Tapped —m(t) + ()
TR Delay — »! Amplifier —
Element 3 v) (vi)

Figure 3.22 Circuit to generate driving signals for Design 2
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Depending on the application and the number of taps, the configuration shown in
Figure 3.18 can be created with splitters, delay lines and combiners or each entire filter can

be fabricated in microstrip form.

Consequently, optical SSB for 10 Gb/s can be created by using any of the three
optical modulator designs, Design 1, 2 or 3, in conjunction with any of the three methods
to generate the Hilbert transform of the baseband digital signal. All of the optical signals
generated would be converted to electrical baseband signals in an optical receiver using the
general design shown in Figure 3.23. The received optical signal would be detected by a
simple photodetector employing the common square-law detection operation. The
subsequent electrical signal is filtered to reduce the noise equivalent bandwidth and
equalized to restore the phase information of the transmitted electrical signal. The
equalization can be performed with a microstrip equalizer or other types of equalizers which
have the inverse nonlinear phase characteristic of the fiber used for transmission. Electrical
amplifiers are added in the receiver where appropriate to restore the amplitude of the data

signal before entering a decision circuit.

Optical SSB

Signal m ()

Photodetector |—] Logl';z:ss Equalizer ——»
i

Figure 3.23 Circuit to detect optical SSB signal

3.5 Comparison of Optical Single Sideband and Composite
Single Sideband Techniques

One reason that the resultant optical signal in the previous designs is not necessarily
a pure optical SSB signal in the strict sense but is an optical VSB is due to the imperfect
Hilbert transform generated by a tapped delay line with a limited number of taps or the
modified Weaver approach using filters without infinitely steep roll-off characteristics. For
example, using a tapped delay filter with a small number of taps results in only partial
cancellation of one sideband. It has also been shown that this is not the only cause of
imperfect sideband generation. As outlined by Powers [45], hybrid modulation, analogous

to the designs previously presented, consisting of amplitude and phase modulation, in the
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best case, results in a good VSB signal. Pure SSB can only be achieved in a hybrid
approach if complicated signal processing is performed on the information signals before
they modulate the light. However, the system is still useful in combating chromatic
dispersion if the vestige is kept relatively small compared to the transmitted sideband. The
frequencies subjected to the most dispersion are the ones furthest away from the carrier and
not the ones close to the carrier lying within the vestige. If a good approximation to the
Hilbert transform is generated, a small vestige can be achieved. For our purposes, this is
sufficient and the system can be called a single sideband one in the general sense since it
provides the benefits of one. Further, as will be shown later, the vestige is not the largest

inhibitor of successful experimental implementation.

For the purpose of completeness, perfect SSB generation is still examined in this
context. Examining the electric field of the transmitted signal for Designs 2 and 3 in
equation 3.23, it can be seen that even if a perfect Hilbert transform signal rm(z) is
generated from m(t), the resultant electric field is not purely SSB because there are higher
order terms from m(t) and m(¢). Part of this is due to the nonlinear transfer function of the
MZ modulator. The nonlinearity from the MZ modulator transfer is partially limited by
reducing the amplitude of the driving signals so as to approximate a linear transfer function,
however, they are not completely eliminated. A second limitation of self-homodyne
detecting a SSB signal is the distortion introduced by the squaring effect on the
information. A type of autocorrelation term exists from the information signal beating
against itself upon square-law detection. The nonlinearity created by the square-law
detection process on the data is an unavoidable hazard since a pure SSB signal still has to
be square-law detected at the receiver. To try and overcome this difficulty, Powers [45]
developed a SSB method for RF signals which is called Composite Single Sideband
(CSSB). According to Powers, the complex envelope of the transmitted signal which best
approximated a SSB signal and was recovered with minimal distortion through square-law

detection was of the form:

E(t) = a(r) cos(mct +k, ln(a(t))) (3.46)

where In(a(r)) is the Hilbert transform of the natural log of a(f). In this case,
a(t) = \/m(t) where m(t) is the information.
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As was previously shown, the electric field for Designs 2 and 3 could be written as:

E,,, = exp(jo,t)exp(jxm(t))cos(xm(t)-6) (3.47)

Comparing equation 3.47 with equation 3.46, we see that they are similar in nature
since the amplitude terms are cos(xm(t)—6) and a(r) respectively and the phase

modulating terms are xr(z) and k,In(a(t)) respectively.

The designs are similar since there is a type of amplitude modulation by the
information and a type of phase modulation involving the Hilbert transform of that
information. However, they are obviously not exactly the same. Design 3 could be
modified to be a CSSB system if the output of the amplitude modulated signal were used in
the phase modulation process. An example of how Design 3 could be modified to become
CSSB is shown in Figure 3.24.
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Figure 3.24 Design for optical CSSB transmission
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Theoretically, in order to make a CSSB modulator, the envelope of the electric field
created by the MZ modulator must be detected, the natural log of it taken and then a perfect
Hilbert transform of it must be created so that the resultant electrical signal can modulate the
PM. This would provide a CSSB signal where cos(xm(t) —6) represented the square root
of the information. This would mathematically create a perfect optical SSB signal.

In a 10 Gb/s digital system, it is a detailed and complex task to obtain the Hilbert
transform of the baseband signal. Thus, it is even more complicated to obtain the Hilbert
transform of the natural log of the baseband signal. If the baseband signal m(t) were an
analog signal, this would be impossible with existing technology. Further, detecting the
magnitude of the electric field out of the MZ modulator is practically hard to do. However,
if we make the assumption that m(z) is strictly digital with only two levels and eliminate the

detection of the magnitude of the electric field, a comparison can be made.

Consider the case where digital values of m(r) =+0.5 and x =0.21 in equation
3.47. This value for x was determined in simulation to be the optimal drive condition for
the SSB system. Thus, the magnitude of the amplitude of equation 3.47 is evaluated at
0.89 for m(r) =+0.5 and 0.45 for m(r) =-0.5. The measured value after square law

detection is 0.79 for m(t) =+0.5 and 0.21 for m(r) = —0.5. For these values, the phase
term of equation 3.47 gives an equivalent k, value of 0.2x or 0.63.

Based on Powers derivation, for an a(r) value of 0.89 and 0.45, the natural log of

a(r) is -0.11 and -0.79 which is a difference of 0.68. Thus, according to Powers, the
value of k, in equation 3.46 should be 0.68 instead of 0.63.

The difference between Powers value and the optimal value found in simulation is
small showing that the existing system by nature of the digital information is close to
approximating Powers CSSB design without actually performing the natural log of the
baseband signal. This small difference is likely accountable by the fact that the baseband
signal is bandlimited and thus is not strictly two level and still is analog in the precise
sense. A drawback of this approximation is that the signal m(t) used to modulate the PM is
not the Hilbert transform of the amplitude signal that modulates the optical carrier out of the
MZ modulator, it is the Hilbert transform of the electrical signal into the MZ modulator.
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This difference is subtle but essential since the best CSSB signal is created when the output
of the MZ modulator is used.

3.6 Optical Single Sideband and Duobinary Signaling

As was previously mentioned in Chapter 2, one method for limiting the effects of
chromatic dispersion is to reduce the effective transmission bandwidth required to transmit
a given data rate. As has already been found, transmitting the digital information in a
duobinary form reduces the effective transmission bandwidth from B for conventional

binary transmission to B/2 for duobinary transmission.

Converting a binary signal into a duobinary signal changes the two level signal into
a three level signal where a O is transmitted as no pulse and a 1 is transmitted by a pulse p(t)
or -p(t), depending upon the polarity of the previous pulse and the number of 0’s between

them.

Implementing a duobinary signaling scheme in SSB is possible if the bias point for
the MZ modulator is chosen such that the integrity of the three level signal is maintained
through to the receiver. In this manner, the three level signal would still have to be decoded

at the receiver. Examining equation 3.47, m(t) would represent the three level signal in this

case.

With this implementation, the benefits of reducing the transmission bandwidth are
gained from both the coding format and the SSB nature of the optical electric field.
However, because m(t) is now three level and the amplification x of m(z) in equation 3.29
must be small (less than 1) in order to maintain good sideband cancellation in the signal and
limit distortion upon detection, the optical extinction between levels degrades from small
for the binary case to extremely small for the three level case. Thus, the duobinary

signaling in the SSB form becomes extremely susceptible to noise.

One way to overcome the problem of detecting three optical power levels is to
transmit three levels at the electric field level, but bias the MZ modulator such that only two

optical power levels are detected. In this manner, a zero is still transmitted and received as

62



Chapter 3 Theory of Optical Single Sideband

no pulse, but a 1 is transmitted as a 1 or -1 at the electric field level but received only as a 1
at the power level. The polarity of a 1 is determined by a precoding formula. This format,
called AM-PSK duobinary was effectively demonstrated by Price et al. [61]-[62]. In this
format, the optical extinction between a 1 and a O could be increased because only two

levels are being detected.

What makes this method effective is that even though the optical power spectrum
has bandwidth B, the optical electric field spectrum, which the chromatic dispersion effect
acts on, has only bandwidth B/2. Thus, the effects on chromatic dispersion have been

reduced over the conventional binary DSB case.

The question then arises, can AM-PSK duobinary which provides partial
improvements in dispersed systems be implemented in a SSB form like regular duobinary

to obtain even more improvements? The answer is no.
As previously shown, the optical electric field for Design 2 and 3 can be written as:
E,,, = exp(jo,t)exp(jym(t))cos(xm(t)+6) (3.48)

Assuming that m(t) is a three level signal, the detected optical power [E,,u,|2 can be

made two level if 0 is chosen to be g and the mid signal level is still 0. This the basic

concept used in AM-PSK duobinary transmission.

Now, what value of y in equation 3.48 is required to make the AM-PSK duobinary
system SSB? As previously shown, the ratio of the signal and Hilbert terms follows the
tan(9) function which, under the AM-PSK bias conditions gives:

y= x[an(g) =00 (349)

From equation 3.49, it can be seen that there is no realistic coefficient for the
Hilbert signal m(t) to make the AM-PSK duobinary signal SSB. The benefits of SSB and

AM-PSK duobinary are mutually exclusive in a self-homodyne detection system.
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4. SIMULATION OF DIGITAL OPTICAL SINGLE
SIDEBAND SYSTEMS

4.1 Simulated System Models and Parameters

In order to demonstrate the capability of the three designs previously presented, the
designs were modeled and simulated and their system performance was characterized. The
system performance was measured in a number of ways including received bit error rate
(BER) for varying transmitted and received optical powers. These measures of

performance provided information on design issues and system parameters.

Designs 1 through 3, described in detail in Chapter 3, were simulated using the
optical system shown in Figure 4.1. Figure 4.2 (a) shows the simulated modulator
configurations for Designs 1 and 2 while the modulator configuration used for Design 3 is

shown in Figure 4.2 (b).

Two different types of simulations of the optical system were used. These are
classified as ideal and detailed. In the ideal simulations, all of the optical system
components were modeled through mathematical equations derived from the characteristic
operation of each component. These simulation results are shown here in Chapter 4.
Detailed simulations used measured frequency responses of the experimental system
components. These frequency responses were measured with a network analyzer.
Measured EDFA parameters were also added to the simulation. These simulations aided in
the analysis of the experimentally measured results. Detailed simulation results are shown

later in Chapter 5 where they are useful in understanding experimental phenomenon.

As previously mentioned, Designs 2 and 3 are mathematically equivalent in terms of

the optical SSB signal created at the transmitter. Thus, with regards to the ideal
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simulations, provided that the optical path after each transmitter is the same, there is no
difference in the received results. Consequently, although both Design 2 and Design 3 were
simulated, only one set of results needs to be presented. These results are labeled in

Chapter 4 as Design 2 but are applicable to Design 3 as well.
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Figure 4.1 Block diagram of the simulated optical SSB system
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Figure 4.2 Optical modulator configurations for (a) Design 1 and Design 2 and
(b) Design 3

Describing the system in Figure 4.1 on a general level, the optical source consisted

of a single mode laser which provided the continuous wave light. It was a narrow linewidth
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laser biased with a dc current such that the laser was providing light created primarily by
stimulated emission. The central wavelength of the laser was constant and was assumed not
to vary. The information was modulated onto the optical carrier by driving the external
drive modulator(s) with signals from the electrical signal transmitter. The electrical signals
consisted of the appropriately amplified and combined versions of m(z) and m(t). The MZ
modulator was a dual arm drive one with independently accessible arms as shown in Figure
2.11. The PM was as shown in Figure 3.10. Repeated optical amplifiers and single mode
fiber links covered the distance. Each optical amplifier was comprised of an isolator, an
EDFA, and a band pass filter (BPF). The isolator eliminated Rayleigh backscattered noise
that would result if amplified spontaneous emission (ASE) from the EDFA were allowed to
migrate in the direction of the transmitter. The BPF reduced the amount of broadband ASE
transmitted on to the following EDFA. The fiber was standard single mode fiber with its
attenuation minimum near .55 pm and its dispersion minimum near 1.3 pm. Detection
was carried out at the receiver with a photodiode. As previously mentioned, this type of
detector measured the square of the optical electric field so it is often called a square-law
detector. The photodiode converted the received optical power into a photocurrent related to

the responsivity R.

More specifically, the input signal to the system was an ideal NRZ binary sequence
which was pulse shaped at the transmitter with a 3rd order Butterworth low pass filter
(LPF) with a cutoff frequency at 0.65B where B is the bit rate (10 Gb/s).

The Hilbert transform signal m(t) used in the simulations was created by the tapped
delay element shown in Figure 3.18. This tapped delay element was assembled from
resistive splitters, attenuators, delay lines and power combiners all assumed to operate
ideally (i.e. flat magnitude response and linear phase delay when plotted versus frequency).
For the simulations, the total number of taps was truncated to a finite number since it was
impossible to build a filter with an infinite number of taps. This is what is required if a
perfect Hilbert transform was to be obtained from a tapped delay filter. Initial simulations
truncated the number of taps to four, however, other configurations were examined. The
weight of coefficient a in Figure 3.18 was | and -1 in order to generate the signals
m(t)+ m(t) and —m(t)+ m(t) for Design 2 and O in order to generate the signal m(t) for
Design I and 3.
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At the transmitter, the laser source was modeled as a continuous wave device with
single mode operation. The wavelength of the simulated laser was set to 1.55 pm with a
relative intensity noise (RIN) value of -155 dB/Hz. Initially, the linewidth of the laser was

set to 0 Hz, but was increased to realistic values in later simulations.

The external modulator was modeled as a optical Mach-Zehnder modulator. The
transfer function in the electric-field domain for the external modulators was based on a
modified version of equation 3.6. The new transfer function for the external modulator
used in the simulations is shown in equation 4.1. It is similar to equation 3.6 except for the
addition of a correction factor for the optical extinction ratio [63]. The optical extinction

ratio for the external modulator was set to 30 dB in the simulations.

E, R4 E. .V E. iV,
E  ==-mex L+ Zmex 2 [-Zin(1- A)ex 2 4.1
ou =) p(ﬂtVJ > p(ﬂtVJ 2( ) p( v (4.1)
where:
1—21[ [—
A= =) (4.2)
1-2y%
where:
I
X=— (4.3)
1+1010

where ER is the specified extinction ratio in dB.

In equation 4.1, the correction term includes the drive voltage V,. This value is
used in the correction term because it is assumed that arm two has an electric field
amplitude differing by a factor of A with arm one. In other words, there is a nonideal split
of light into the two arms such that there is more light in arm one than arm two. If this
assumption is reversed so that the electric field amplitude in arm one is smaller than in arm
two, then a value of ¥, would be used in equation 4.1 instead. In a real MZ, equal division
of light into the two arms is unlikely and it is hard to predict which arm will receive more
light. Either way, an unequal split of light will result in an imperfect extinction ratio
regardless of the drive signals used.
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The PM was also modeled with a transfer function in the electric field domain as

shown in equation 3.8.

The single-mode fiber was modeled as a bandpass filter with flat amplitude
response and a nonlinear phase response. Based on derivations in [64], a low-pass
equivalent model for the single-mode fiber transfer function was used:

() = el 2L

¢ (4.4)

where D is the fiber dispersion factor, L is the fiber length, A is the operating wavelength,
fis the low-pass equivalent frequency and c is the group velocity in the fiber. This transfer
function is representative of the third term shown in equation 2.2. This transfer function
does not include any fiber nonlinearities outside of the effect of chromatic dispersion and
only the effects of first order group velocity dispersion are modeled since the higher order
effects are negligible at the 1.55 pm wavelength. The dispersion coefficient D was set to 17
ps’/km-nm which corresponded to the value for standard single mode fiber with a zero
dispersion minimum near 1.3 pm. Again, it is important to note that this transfer function

operates on the electric field of the light and not the optical power.

Each optical amplifier in the system model consisted of an isolator, an EDFA and an
optical BPF. The isolator was modeled as an ideal unidirectional device and thus the effects
of Rayleigh backscattered ASE noise were primarily eliminated. Isolators do not have an
infinite isolation so there can be a small amount of backreflected noise but it was negligible
with the isolators that will be used. The optical BPF was modeled as an ideal rectangular
bandpass characteristic centered at the signal wavelength. The optical bandwidth of the
simulated optical BPF was approximately 1.28 nm for all of the simulations. This number
was a result of the method by which the noise model for the optical system was derived and
implemented in software. The method, which will be described in more detail later on, was
based on a theory developed by Cartledge [65]. In all cases, within the simulations, each
bit in the 10 Gb/s stream was sampled 16 times. This corresponded to a 160 GHz sampling
frequency. This bandwidth was the noise equivalent bandwidth of each BPF according to
the noise theory. This bandwidth translated to wavelength at 1.55 um gave 1.28 nm.
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The EDFA was modeled as a system block with a single optical input and a single
optical output with a gain between the input and the output defined by the following
transcendental equation [66]:

G=G, exp[(l - G)?f)’i-]

SAT (4.5)

where G is the internal gain of the EDFA, G, is the small signal gain of the EDFA, £, is
the saturation power of the EDFA and P, is the power of the optical signal at the input of
the EDFA. P, is defined as the output power when the gain is reduced by a factor of l/e

or approximately 4.3 dB. The value G in equation 4.5 is evaluated in linear units, however,
the variables are commonly referred to in dB units. The spontaneous emission noise factor
Nsp was set to 2 for all of the EDFAs used in the ideal simulations. Further, each optical
amplifier was considered to have a 4 dB loss due in part to the insertion loss of the isolator
and the bandpass filter and due in part to the input and output coupling efficiencies of the
EDFA.

The optical receiver was modeled as an ideal square-law detector, LPF and
equalizer. In the detector, the received optical power is linearly converted to a current with a
value of responsivity or photodiode quantum efficiency R equal to 0.8 Amp/Watt. The
received optical power is the square magnitude of the received optical electric field. Thus, if

the electric field is E, the received photocurrent i , can be written as:

i = RIE’| (4.6)

The baseband receiver shaping filter following the detector was a simple 3rd order

Butterworth LPF with cutoff frequency at 0.65B.

The electrical equalizer following the receiver filter was modeled with two different
methods. In the ideal simulation, the equalizer was represented as the inverse phase
function of the fiber. Thus, if the transfer function at the optical electric field level
representing the chromatic dispersion is as in equation 4.4, the equalizer transfer function at

the electrical level in the frequency domain is represented as:

i 22
He(f)= CXP[—D‘ f ]
¢ 4.7)
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In the a more detailed simulation, the equalizer was modeled as a microstrip delay line
which approximates equation 4.7. The microstrip was a transmission waveguide where the
dispersion characteristics of the microstrip were used to reverse the effects of the optical
fiber. For each distance of fiber, a corresponding length of microstrip was chosen to

compensate the dispersion effects.

Modeling the microstrip was a much more complex process than simply letting the
equalizer have an inverse phase function of the fiber. In modeling the microstrip line as an

equalizer, the transfer function of the microstrip line is written as [67]:

H,(f) = exp(—j6(f)) (4.8)
where:
l
o) ==L fe,_4(f) “o)

where f is the frequency, c is the speed of light, [, is the length of the microstrip and
€ o (f) is the frequency dependent effective relative permitivity which is representative
of the dispersive properties of the microstrip. The value of e,_eﬁ( f) is modeled using the

model presented by Hammerstad and Jensen [68]. The equations used to determine the
dependence of €, . on frequency are as follows:

€, —€, i
1+G(%p) 4.10)

8r_eﬁ' =g, -

where:
__ﬂi(ﬁr—l) 2TtZo
ZO
fr =
K, (4.12)
g, +1 e,—l( 10)“‘"
g, = + 1+—
u (4.13)
where:
4 2
u +4 3
a=l+Ln T (/52) + L In l+(L)
49 u +0432 18.7 18.1

(4.14)
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0.9 0.053
b= 0.564[ &~ )
g, +3
where:
w
u=—
h
2
Z,= —niln[—fi+ 1+(3) )
2n u u
where:
0.7528
f,=6+(2m—6) exp(A( 30'666) )

37673

N, \/et

(4.15)

(4.16)

4.17)

(4.18)

(4.19)

For the values of relative permitivity of the substrate €,=10.2, substrate height h~=1 mm
and a microstrip width w= 1 mm, the value of €, - versus frequency is shown in Figure

4.3. The width is chosen so that the characteristic impedance of the microstrip is 50 ohms.

This is beneficial when the microstrip must be connectorized and used in an experimental

system where the line impedance of all of the components is 50 ohms.
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Figure 4.3 Effective relative permitivity versus frequency for a microstrip design with

€,=10.2, h=1 mm and w= | mm
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The frequency dependence of the effective relative permitivity of the substrate was
the factor which was exploited for the purposes of reversing the effects of chromatic
dispersion in the fiber. The frequency dependence causes a phase response in the
microstrip which is the approximate inverse of the fiber, provided that the optical USB is
transmitted. The dependence of transmitted sideband is shown in Figure 4.4. If the USB is
transmitted, upon square law detection, the phase delay incurred by the fiber can be
corrected by the microstrip as shown in Figure 4.4 (a). If the LSB is transmitted, the phase
information incurred by the fiber on the baseband signal is reversed and is in the same
orientation as that incurred by the microstrip. This is shown in Figure 4.4 (b). Thus, the
phase delay incurred by the microstrip would double the phase delay incurred by the fiber

rather than reduce it to approximately zero.

A Phase A Phase

{

\

]

\~
< - = » Frequency < P Frequency
\\“

\ —— fiber
¢

..... microstrip
@ VY ®) Y

Figure 4.4 Second order phase response of fiber and microstrip for (a) USB and (b)
LSB optical transmission

To determine the length of the microstrip needed to equalize a given length of fiber,
the propagation constant of the microstrip was analyzed. The propagation constant for the

microstrip in units of radians/meter is:
2nf
B(f) = T‘\/Sr_eﬂ'(f)

Equation 4.20 assumes the permitivity dominates the frequency dependent effects while the

(4.20)

effects from frequency dependent magnetic susceptibility are negligible.

The second order derivative of the propagation constant with respect to frequency
d’p

ZfT can be determined. Using the effective relative permitivity plot in Figure 4.3, the

second derivative versus frequency as defined by equation 4.20 is shown in Figure 4.5.

72



Chapter 4 Simulation of Digital Optical Single Sideband Systems

Utilizing Figure 4.5, the length of the microstrip used for fiber chromatic dispersion
equalization can be chosen such that the following equation is satisfied:
2
Im-@+ LD, =0 4.21)
af
where D, has units of per meter and is a modified version of the previous dispersion
coefficient D represented as:
2
21c
where L, is the length of the fiber, A, is the optical wavelength (1.55 pm), c is the speed

D (4.22)

of light and D is the dispersion coefficient (17 ps/km-nm).
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Figure 4.5 Second derivative of microstrip propagation constant versus frequency for a

microstrip design with €,=10.2, ~=1 mm and w= 1 mm

2
As can be seen from Figure 4.5, the value of Zf—z for the microstrip is frequency

dependent. D, for the fiber can be considered to be frequency independent since even
though the dispersion coefficient for the fiber changes with frequency, it changes very little
over the frequencies occupied by the information bandwidth around the optical carrier. If
d’p
df?

d*p

compensate for fiber dispersion. However, there is a variation in Ef? with frequency

was constant for the microstrip, there would be an optimum length of microstrip to

which will ultimately degrade the received eye and therefore it must be included in the
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simulation. As a result, to determine the best length of microstrip for a given distance of
2

fiber, the microstrip was modeled with the frequency dependence of Z_fz— included in the

model. Subsequently, for each given distance of fiber, the length of microstrip was
optimized based on maximizing the eye opening of the received signal after equalization.
This way, a more detailed model for the microstrip was used with better predictions of

experimental performance.

The attenuation of the microstrip was also added into the model since this is also a
realistic effect of microstrip transmission lines. The microstrip has length dependent and
frequency dependent losses that include conductor loss, a dielectric loss and a leakage loss.
The conductor loss dominates over the other losses and as such is the only loss considered

in the simulations. The conductor loss can be modeled as a skin effect modeled by the

following equation [67]:

R
o, =—— (4.23)
Z,w
where:
R = [T (4.24)
c

where o, is in Nepers/m, R; is the skin resistance and o, is the conductivity.

A plot of the attenuation per meter versus frequency for the microstrip using the
parameters €,=10.2, ~=]1 mm, w= | mm and 6.=5.81e7 S/m is shown in Figure 4.6.
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Figure 4.6 Microstrip attenuation per meter versus frequency
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As can be seen from Figure 4.6, the attenuation is strongly frequency dependent
and will have significant impacts on the system since the binary data covers the frequency
spectrum from 0 Hz up to 10 GHz. This attenuation model was used in the simulations of

the modeled microstrip in order to foresee any implications of this effect.
4.2 Noise Modeling

In the simulations, the signal input to the system was a binary sequence in a pattern
formulated after a pseudo-random (PR) bit sequence. This PR sequence was input to the
optical system as an electrical voltage drive signal which was used to drive the MZ
modulator and PM in each design. The resultant output signal from the system was also an
electrical signal in the form of a photocurrent signal which was representative of the
received optical power. Assuming that the optical link functions properly, the information

contained in the input voltage signal was reflected in the received current signal.

Within the simulations, two different noise scenarios were examined. The first case
was where the receiver consisted of a normal square-law detector and the noise processes
in the electrical domain were Gaussian noise currents. Modeling the noise processes in a
Gaussian format is the classical approach and is reflective of realistic situations where pin
detectors are used that convert the incident optical power into an electrical current. The
Gaussian format was the one considered in the majority of the simulations. This type of
optical receiver circuit is shown in Figure 4.7. The receiver filter is representative of not
only the LPF used to reduce the noise equivalent bandwidth before decision, but also the

frequency response of the pin detector.

2 .
S — IEI  E—— Re;ﬁ'e‘:er —| Equalizer

Figure 4.7 Normal optical receiver

The second case was where a square-root operation is performed immediately after
the square-law detection and receiver filtering process. This scenario is analogous to a
system where the magnitude of the electric field is converted to a current at the receiver.

The square-root operation, although not realistic for a broadband signal such as 10 Gb/s
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data, is shown later in simulations to offer some benefit. In this case, the received
information was still in the form of an electrical current and the noises were modeled as
noise currents after the receiver filter. However, after the square-root function, the random
variable was no longer Gaussian. The new noises are subsequently calculated. This type of
optical receiver circuit is shown in Figure 4.8. Thus, two noise models were considered for

the simulations.

— E2 ] Receiver »-| Square- »| Equalizer
= Filter Root

Figure 4.8 Optical receiver employing square-root function

4.2.1 Normal Detection with Gaussian Noise

Within the simulations, calculations of the BER of the received binary signal was a
general measure of performance for the system. The calculation of the BER for a received
signal was based on the assumption that the received current or photocurrent represented
the mean value of a random variable and the noise currents or variance of that mean current

followed a Gaussian distribution. The probability of error P, for a Gaussian variable can be

written as:

X—X
= 4.25
S ] (4.25)

P, = -l—erfc[
2

where erfc is the complimentary error function, x is the sampled value, x,, is the mean and

o2 is the variance of the sample at a given instant in time.

For the simulations which follow, the P, for each sample point in a given bit was

calculated based on a received mean value and variance. The probability of error F,, for the
full bit sequence of length 2™ —1 was an average of the P, calculated for each bit at the

optimized clocked decision time and threshold for the entire sequence.

If the received photocurrent is written as i for bit k¥ which can be either a
transmitted 1 or a transmitted O, the threshold current is written as #, which represents a
decision level, and the time averaged noise power of the received noise current is written as

i2), the P, for an entire simulated sequence can be written as:
(o] ef
76



Chapter 4 Simulation of Digital Optical Single Sideband Systems

R |

o —i
P, = —erfc| £ —L 4.26
o 2"'—1,22 [«/Z;,] (4.26)

The optimum threshold current i, is determined by optimizing two parameters

within the received sequence, time of decision and threshold amplitude. The time within all
bits at which the decision is made is chosen at the point where the eye opening of the

received sequence is a maximum. The threshold level at which the decision is made is
chosen at the point where the P,; is a minimum for the received sequence.

The received photocurrent noise (zé

) consists of a number of noise sources

including constant and signal dependent sources. The models for the noise sources can be
calculated by two different approaches given by Olsson [69] and Cartledge [65]. In
Olsson’s model, the transmitted optical power is assumed to be constant and thus all noise
sources are assumed to be constant over time. In Olsson’s model, the signal dependent
noises are calculated with bandwidth approximations and do not include the impulse
response of the receiver circuit. Thus, the noise currents calculated for a given bit are
independent of previous bits in the stream. In Cartledge’s model, the transmitted electric
field is allowed to vary, like it does in a real system, and thus provides a more accurate
model. The noise terms that are signal dependent are calculated based on a receiver impulse
response. The impulse response provides interference when calculating the noise current
for a bit. In Cartledge’s approach, the entire bit sequence is used for this process. As a

result, Cartledge’s model was used for the signal dependent noise terms in the simulations.

In order to convert the received photocurrent into a voltage for subsequent
processing where a decision is made on the orientation of the bit, the detector circuit used is
shown as in Figure 4.9. In Figure 4.9, the pin diode is reversed biased and the load
resistor R, converts the current into a voltage at (v). The amplifier is used in experimental
circuits to amplify the signal at (v). The amplifier adds additional noise to the signal but this
noise was ignored for these simulations. If the system was one in which the optical SSB
transmission format was used, the amplified electrical signal was then subjected to electrical
equalization. The equalized, or nonequalized, electrical signal was then input to a decision
circuit. Since the simulated decision circuit had no amplitude dependence, the amplifier gain

was irrelevant within the simulations.
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x> /\ pin
+V =
— W) ——.D——-»
R Electrical
i Amplifier

Figure 4.9 Optical receiver circuit with pin detector and amplifier

In the described optical system, the photocurrent noise at point (v) in Figure 4.9
consists of seven noise sources. These noise currents are thermal noise, laser relative
intensity noise, dark current shot noise, signal dependent shot noise, ASE shot noise,

signal-spontaneous beat noise and spontaneous-spontaneous beat noise.

The thermal noise is due to spontaneous fluctuations of current in the load resistor
R, in the detector circuit. The electrons in a resistor are always in random motion. The
intensity of this motion is proportional to temperature. The effect of this motion is to
produce a randomly varying current in the circuit. The mean of the squared thermal noise

current is given by:

<i2> __4kTB, @.27)

" R

e

where & is Boltzman’s constant, T is temperature in degrees Kelvin and B, is the

equivalent electrical bandwidth of the receiver.

If the load resistor is matched to the amplifier load, the noise power from the
different noise sources, for probability of error purposes, will be reduced by a factor of
four since the noise current is split between the two loads. Accordingly, the signal power

will also be reduced by a factor a four. As a result, the SNR does not change.

The laser RIN noise is generated from the spontaneous fluctuations in electron to
photon conversion in the laser and reflections within the laser cavity. The mean square

value of the laser RIN noise current is given by [44]:
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2 t
2 RSRI 2 2
() === [ PP(e e~ t)ate (4.28)

€ —co

where P is the optical power, k() is the receiver impulse response and R, is the
photodiode responsivity given by:

e T

4.29
? he ( )

and where 1 is the photodiode quantum efficiency, 4 is Planck’s constant, g is the charge

of an slectron and A is the center optical wavelength.

The total RIN value RIN,, is given by:
RIN,, = RIN,,,,, + RIN 5, (4.30)

where RIN,, is the classic value of RIN specified for a laser times the electrical
bandwidth and RIN,_, is due to the frequency modulation to amplitude modulation (FM-
AM) noise resulting from the laser linewidth interacting with the fiber chromatic dispersion.
The FM-AM noise is generated by laser phase noise being converted to intensity noise due
to chromatic dispersion in the fiber. This noise becomes larger with increasing laser
linewidth and increasing chromatic dispersion. The amount of chromatic dispersion is
obviously proportional to the fiber length. The FM-AM noise due to the laser linewidth is
derived by Yamamoto et al. [70] and discussed in detail by Walklin [44].

RIN g, is given by:

H.(f) df 4.31)

RINﬁber = TN(f)

where H,(f) is the receiver frequency response:

N(f)= 213” (1 - cos(81t2Ff2)) (4.32)

where Av is the linewidth of the laser in Hz and:

_ LD\
41c

F

(4.33)
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where L is the fiber length and D is the dispersion coefficient.

The FM-AM noise results from variations in the instantaneous wavelength of the
source originating from an inherent FM noise in the laser. These frequency deviations are
generally classified as a source linewidth which is measured as the 3 dB spectral width of
the source over a given time interval. Through the interaction of the dispersion and the
square-law detection process, the FM noise is converted to an AM noise. This type of noise
has minimal effects in DSB systems employing optical equalization for dispersion but it is
significant in SSB systems using post detection equalization. In optically equalized
systems, the dispersion is essentially zero at the point of detection and thus the FM noise is
not detected. In the SSB system where the equalization is post detection, the FM noise
added to an information spectral component increases with distance from the optical carrier.
This phase deviation incurred by the FM noise is not reversible in a post detection domain.
Thus, in any SSB system with post detection dispersion compensation where the laser

linewidth is not zero, this type of noise is significant.

The dark current shot noise is a result of the dark current that flows through the
photodetector circuit when no light is incident on the photodiode. The mean square value of

the dark current shot noise is given by [44]:
(B3-a) = g [} (D) (4.34)

where [, is the dark current for the photodiode.

The signal dependent shot noise arises from the statistical nature of the production
and collection of photoelectrons when an optical signal is incident on a photodiode. The

mean square value of the signal dependent shot noise is given by [44]:

(Zp-an) = a8, [ PEe~)t @35)

The use of EDFAs in the system result in three additional noise terms due to the
ASE produced in each amplifier. ASE shot noise is generated in the same manner as the

signal dependent shot noise except that the optical noise source originates within the EDFA.
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Since isolators are used prior to each EDFA, ASE light only propagates toward the

receiver. The mean square ASE shot noise current at the receiver for a single EDFA is [44]:
(i3se-sh) = mPyM,qR, Ihf (t)dt (4.36)
where m, is the number of polarization states and Py is the ASE noise power given by:

Py =(G~-1)huN,,B, (4.37)

where G is the internal gain of the EDFA, v is the optical frequency, N, is the
spontaneous noise factor for the EDFA, and B, is the bandwidth of the optical BPF

following the EDFA.

The spontaneous-spontaneous beat noise results from the beating between various
ASE spectral components upon square-law detection of the received optical signal. The
mean square spontaneous-spontaneous beat noise current arising from a single EDFA is
given by [44]:
2

(2 ) = 2P,3m,n§1e§( ]:h,(*t)d'c)- (4.38)

The signal-spontaneous beat noise arises from the ASE spectral components beating
with the signal spectra upon square-law detection of the received optical signal. The mean

square signal-spontaneous beat noise current caused by a single EDFA is given by [44]:
I £ s i
(fig-o (1)) = ROPMN| 2 [ P2 (1 (1~ T)din (4.39)

The % term is due to the light being linearly polarized out of the laser. If the light out of the

laser is not linearly polarized, this term is omitted.

For the noise terms which were independent of the signal power, the integration
limits were between -= and «. For the noise terms which were dependent on the signal
power, the integration limits were between -= and time ¢. The difference is due to the fact

the signal independent noise terms are constant over all time, past and future, while the
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signal dependent terms are dependent only on all of the past bits or the received bits up to

time ¢.

Thus, the total noise at the receiver can then be written as:
(30)) = (i) + (R O) + (i) + (g () + (Thszan) +(8psp) + (-0 (1)) (4.40)
It is important to note that the noise terms generated within a particular EDFA such
as the ASE shot noise, the spontaneous-spontaneous beat noise and the signal-spontaneous
beat noise are amplified by the optical link following that EDFA. The optical link following
an EDFA contains losses due to fiber and gain due to subsequent EDFAs. Further, the

subsequent EDFAs create their own ASE noise terms thus resulting in an accumulation of

noise in the optical signal as it propagates down an optical link.

For example, consider how the ASE noise power accumulates over a three EDFA
link with two spans of lossy fiber as sown in Figure 4.10. The total ASE shot noise at the
output of the third EDFA is the summation of the shot noises created by all of the amplifiers
up to that point.

G, L G, G,
ASE, ASE, ASE,
ASE total
’D Fiber 1 )D Fiber 2 |:
Amplifier 1 Amplifier 2 Ampilifier 3

Figure 4.10 Optical link with three EDFAs and two sections of fiber
Thus, the total ASE noise power at the end of the third EDFA can be written as:
ASE, . = ASE; + L,G;ASE, + L,G;(L,G,ASE,) (4.41)

4.2.2 Normal Detection with Square-Root Operation and non-
Gaussian Noise

As was previously mentioned, the square-root operation can be implemented at the

receiver as shown in Figure 4.8. The random variable at the output of the pin diode is
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Gaussian and it’s variance is described by the noise currents previously outlined in section
4.2.1. The random variable after the square-root process is no longer Gaussian. This can

be shown as follows.

Let the random variable before the square-root process have mean m, and variance

” ) A .
O, - The random variable following the square-root process has mean m, and variance ci.

The function relating ¥ and X is:

!
Y =X? (4.42)

Thus, it is straight forward to see that the mean of random variable Y is:

3
I
3
Mo | —

(4.43)

The variance of Y is not as easily calculated. The variance of Y is derived as
follows. Let Fy(x) and F,(y) represent the cumulative distributions of X and Y

respectively. Then:

1
F(y)=P(Y<y) = P(X2 < y] (4.44)
which can also be written as:
Fy(y) = P(X < y*) = Fe(y*) (4.45)

where P is the probability. By differentiating equation 4.45 with respect to y, we obtain the
relationship between the respective probability distribution functions. This relationship can

be written as:
pr(y) = 2ypx(¥*) (4.46)

Thus, from equation 4.46, it can be seen that if p, is Gaussian, p, is not Gaussian. To
show this relationship more clearly, Figure 4.11 (a) shows a Gaussian probability
distribution for a random variable and (b) shows the corresponding probability distribution
function of a new random variable if the square-root function is taken of the old random
variable. Figure 4.11 does not have numbers on the axis, but the central mean of the
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probability distribution function in (b) would be the square-root of the function in (a).
Further, both distributions would have a normalized area of one.

(a) (b)

linear scale)

Probabilty
Density
(normalized

'
T
¢
.
T
1
'
[
:
[
¢
'l
m

2 3 P,

0

X X y y

0

Figure 4.11 Probability distributions (a) Gaussian and (b) non-Gaussian

From Figure 4.11, it can be seen that the probability distribution of the random
variable after the square-root function is not Gaussian and is skewed. Thus, the probability
of error for 0’s and 1’s will be different for a given distance away from the mean. As an
additional effect, the optimal decision time and/or amplitude will change to optimize the

probability of error.

The new variance O'i can be calculated by taking the second central moment as:
o} = [(y-m,) py(y)dy (4.47)

Knowing that random variable X is Gaussian, the variance of Y in equation 4.47 can be

written in terms of mean m, and variance G2:

L Vo ¥/ s (4.48)
< 21T P 20’i Y )

As aresult, the mean and variance for the new random variable Y can be calculated

o3 = Jlo-m)

and a new F,; can be calculated for the system after the square-root process.

Of interest is the possibility of the random variable X going negative. It is assumed
in the previous derivation that this does not happen. The assumption is made that the
probability distribution function of the new random variable has an impulse at 0

representing the area of negative probabilities. This could be changed accordingly if more
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information were available on how the square-root function would be implemented in an
experimental system. For example, are negative values possible? If they are not, how are
they represented. In the simulations that follow, representation by an impulse was

satisfactory.

4.3 Simulation Results

In addition to the models previously described for the components and noise

sources, some additional parameters are defined for the simulated models. First, the data
rate was 10 Gb/s as previously mentioned. Second, V_ for the MZ in Design 1 through 3

was set to 4.5 V (modeled after the Lucent MZ modulator used in the experiments). The V,
for the phase modulator was set to 9 V (modeled after the UTP device used in the
experiments). However, as previously mentioned, Design 2 and 3 are equivalent in terms
of ideal simulations so only the results for Design 2 are presented in this section and are
representative of both designs. The length of the simulation record or pattern length was
27 — 1 unless otherwise noted. The modulation parameter P was set to 0.2 unless otherwise

noted. As will be shown later, this is the optimal value for the SSB modulation.

Within the simulations, time domain signals of m(r), m(t), m(t)+m(r) and
—m(t) + m(t) were used to drive the modulators. An example of the time domain plots of
m(t), m(t), m(t)+m(t) and —m(t)+ m(t) for a signal normalized to one Volt peak to peak
are shown in Figure 4.12. In these plots, the ideal binary sequence has been dc blocked
and low pass filtered with a third order Butterworth LPF with a cutoff frequency at 0.65B.
The Hilbert signal was created with a four tap filter with a delay time T of 0.375 ns.

4.3.1 Comparison of Designs 1, 2 and 3

A preliminary comparison was made between Designs 1, 2 and 3. The basis of the
comparison was transmission distance over standard single mode fiber. Each design’s
ability to provide for the reversal of chromatic dispersion was measured in terms of eye
opening at the receiver and also receiver sensitivity. Receiver sensitivity is a measure of
required optical power at the input to the EDFA at the receiver which is needed to order to

maintain a given BER.
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Figure 4.12 Time domain plots of (a) m(z), (b) m(z), (c) m(t)+ m(t)
and (d) —m(r) + m(z)

In the first set of simulations, only one optical amplifier was used in each system.
The optical amplifier was placed in front of the photodetector. This optical pre-amplifier
had a small signal gain G,of 30 dB, a N, of 2 and an output saturation power P of 6
dBm. These values are similar to ones measured for the EDFAs used in some of the
experiments. The EDFA was allowed to self-regulate. In addition, the fiber was assumed to
be lossless in this initial system. The purpose for this configuration was to isolate the
effects of chromatic dispersion. In this configuration, a plot of the receiver sensitivity
versus distance shows how chromatic dispersion affects the maximum transmission length
without the ASE noise effects from multiple EDFAs in the system. Normally, link EDFAs
are required in long distance systems to recover the loss incurred by the fiber. Figure 4.13
shows the receiver sensitivity versus distance for five different cases, standard DSB, SSB
without equalization implementing Design 1, SSB with equalization implementing Design
1, SSB without equalization implementing Design 2 and SSB with equalization
implementing Design 2. Again, it is noted that Design 2 and Design 3 are equivalent in
these ideal simulations. All of the received SSB signals listed as ‘with equalization’ are
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equalized with an ideal electrical equalizer which is characterized as the inverse of the fiber

transfer function. However, it is important to note that the inverse function is not applied to

the received signal until after square-law detection in the electrical domain. The receiver

sensitivity shown in Figure 4.13 is the required optical power at the input to the optical

amplifier at the receiver required to maintain a BER of 107°. All of the noise sources other

than the effects of in-line EDFAs were included in the simulation.
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Figure 4.13 Receiver sensitivity versus fiber length for Designs | and 2

From Figure 4.13, it can be seen that Design 2 outperforms Design 1 in terms of

receiver sensitivity. This is due to the balanced nature of the drive signals in Design 2 and

was predicted in Chapter 3 where it was shown that the balanced configuration of Design 2

had less distortion in the square-law detected signal than the nonbalanced configuration of

Design 1.
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From Figure 4.13, it can also be seen that the SSB case of Design 2 with
equalization follows the same curve as the SSB case of Design 2 without equalization for
distances less than approximately 200 km. This is due to the second order terms, such as
m?(t) generated from the MZ transfer function, canceling with the second order terms
created from the square-law detection process. However, for distances longer than 200 km,
chromatic dispersion from the fiber affects each second order term differently thus
preventing any meaningful cancellation. Consequently, beyond 200 km, they can both add
to the degradation of the signal. This effect at 0 km can be seen in equation 3.25 were the
second order terms of m?(¢t) from the MZ modulator and the squaring of the first order

terms from the square-law detection processes cancel.

In order to show the SSB nature of Design 1 and Design 2, the simulated optical
spectrum of the signals generated at the transmitter are shown in Figure 4.14. Figure 4.14
includes a simulated regular DSB spectrum as well for comparative purposes. In the
spectral plots of Figure 4.14, the optical carrier component which would be at the zero
frequency mark has been removed to better show the information sidebands. This carrier
component is required to properly self-homodyne detect the optical signal. As was
previously mentioned, the Hilbert transform was approximated with a four tap Hilbert filter
where T is 37.5% of the bit period. As a result of the imperfect Hilbert signal, the optical
spectrum was, in the strict sense, VSB. This can be seen in Figure 4.14. However, the
effects of the vestige can be minimized if the time delay between the taps is appropriately
chosen. Thus, the systems can be called SSB in the general sense and VSB in the strict
sense. However, since the system exploits the benefits of the nature of SSB, they will be
called SSB systems for the most part. The ripples in the SSB spectra are also a result of the
27 —1 pattern length. The difference between the absolute magnitude of the information
spectrum in Design 1 and Design 2 corresponds to the reduced signal power in Design 1 as

a result of tapping off carrier for proper self-homodyne detection.

From Figure 4.14, it can be seen that the spectral width of the transmitted optical
spectrum for the SSB cases are just more than half of the DSB case. As a result, a
dispersion benefit of a factor of just less than two will result form this fact alone. However,
as also shown, to improve the transmission distance even further, equalization at the

receiver is employed.
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Figure 4.14 Simulated optical spectrums (a) DSB, (b) SSB - Design 2
and (c) SSB - Design 1

Further, comparing the spectral plots of Figure 4.14 (b) and (c), it can be seen that
the spectral power contained in the signal for Design 1 is less than Design 2. This is due to
part of the transmitted light being used as a non-modulated carrier to properly self-
homodyne detect the received signal in Design 1. In these particular simulations, 30% of
the transmitted optical carrier was tapped from the source and recombined after modulation
to create the final transmitted optical signal in Design 1. This was an optimal situation for
Design 1. In Design 2, more power could be used in modulating the signal since the
carrier, inherent from the modulation process, is totally in phase with the m(¢) term as

previously shown.

To show in the time domain, the expected benefits of SSB and equalized SSB over
DSB, eye diagrams of the received signal are generated from a simulation of the superior
design, Design 2, and are shown in Figures 4.15 through 4.17. In this case, all of the
noise processes were omitted from the simulations in order to present cleaner eye diagrams.

The eye diagrams of the received signal for a standard DSB signal for distances of O km,
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75 km and 150 km are shown in Figure 4.15. The eye diagrams of the received signal from
Design 2 for an unequalized SSB signal for distances of 0 km, 150 km and 300 km are
shown in Figure 4.16. The eye diagrams of the received signal from Design 2 for an
equalized SSB signal for distances of 0 km, 300 km and 800 km are shown in Figure 4.17.
Again, the equalizer was an ideal equalizer which was represented as the inverse fiber

transfer function implemented at the electrical level.

(@)
Figure 4.15 Eye diagrams of a standard DSB signal for (a) O km, (b) 75 km
and (c) 150 km

(a)
Figure 4.16 Eye diagrams of an unequalized SSB signal using Design 2 for (a) 0 km,
(b) 150 km and (c) 300 km

(@)
Figure 4.17 Eye diagrams of an equalized SSB signal using Design 2 for (a) 0 km,
(b) 300 km and (c) 800 km

To show in the time domain, the expected benefits of equalized SSB over DSB for
the secondary design, Design 1, eye diagrams of the received signal were generated from

Design | and are shown in Figure 4.18. The eye diagrams of the received signal from
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Design 1 for an equalized SSB signal for distances of 0 km, 300 km and 800 km are
shown in Figure 4.18.

Comparing the eye diagrams of the received signal for Designs | and 2, it can be
seen again that Design 2 outperforms Design 1 for all equalized distances. Of considerable
note is the degraded performance of Design 1 at the O ki distance. Consequently, Design 2
will be the only SSB design considered from hereon. This reinforces the results shown in

Figure 4.13 where, based on receiver sensitivity, Design 2 outperformed Design 1.

(b)
Figure 4.18 Eye diagrams of an equalized SSB signal using Design 1 for (a) 0 km,
(b) 300 km and (d) 800 km

In order to show how Design 2 with a modulation parameter of 0.2 performs over
extremely long distances, such as more than 1,000 km, the eye diagrams of a received
signal at 3,000 km and 6,000 km are shown in Figure 4.19. The received signal was again
equalized with an ideal equalizer which was the inverse of the fiber transfer function

implemented at the electrical level. The word length was again 27 — 1.

Figure 4.19 Equalized received eye diagram using Design 2 for (a) 3,000 km
and (b) 6,000 km

The receiver sensitivity versus distance for Design 2 is shown in Figure 4.20 for
long distances up to 10,000 km. From Figure 4.20, it can be seen that the receiver
sensitivity is a measurable value for these conditions which is a result of the fact that a

measurable eye exists at each distance. As the fiber length changes, the receiver sensitivity
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fluctuates. This is a result of the distortion from the second order, third order, etc. effects,
which are not compensated for by the equalizer, affecting the system performance in
varying degrees. The distortion form the higher order effects cyclically varies and affects
some distances more than others thus leading to fluctuations in the received eye opening

and thus the receiver sensitivity.

As can be seen from Figure 4.19 and 4.20, there is a discernible eye at the
extremely long distances although it is quite small at certain distances. Thus, the distances
beyond 1000 km represent the fact that equalization can take place theoretically. However,
at these distances, noise accumulation from the large number of in-line EDFAs needed to
recover the fiber loss is a very serious concern. Some submarine systems implemented in a
DSB format at a lower bit rate [71] with consideration made for dispersion at the optical
level have shown successful operation out to 7,200 km. Thus, experimentally, this noise
accumnulation is not always fatal, however, these SSB systems at 10 Gb/s would suffer a
penalty, depending on the amplifier spacing, after an extremely long distance due to ASE

noise accumulation in conjunction with a small received eye.
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Figure 4.20 Receiver sensitivity versus fiber length for Design 2
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4.3.2 Variations on the Hilbert Transform Filter

All of the previous simulations were carried out using a Hilbert transform filter with
four taps and a time delay T of 37.5% of the bit period or, for 10 Gb/s data, 0.375 ns. This
Hilbert filter was used to create the Hilbert signal mi(r). This tap number and delay were
idealized for this design based on the premise that the Hilbert filter built in the lab would
have four taps. However, the number of taps and the delay was altered in simulation, and

as a result, the nature of the transmitted optical spectrum changed.

The approximate phase response of the filters simulated is shown in Figure 4.21.

This shows an ideal response, however, filters with four or more taps come close to this

type of phase response.
Degrees
A
90
< P Frequency
-90
v

Figure 4.21 General phase response of tap delay filter

In the first case, the delay was fixed and the number of taps was allowed to vary.
Figure 4.22 shows the magnitude response of filters with different number of taps, all with
a unit delay T of 0.375 ns. The low frequency cutoff in the responses in Figure 4.22 is
proportional to the time delay through the filter. The transmitted optical SSB spectra as a

result of using each of these filters is shown in Figure 4.23.
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Figure 4.22 Magnitude response of (a) 2 tap, (b) 4 tap and (c) 6 tap delay filter with a
time delay T of 0.375 ns
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Figure 4.23 Transmitted optical electric field magnitude spectrums of (a) 2 tap, (b) 4 tap
and (c) 6 tap delay filter with a time delay T of 0.375 ns

In the second case, the unit time delay T between each tap was altered to give
varying magnitude responses of the tapped delay filter. To show how varying tap delay can
affect the transmitted optical spectrum, the magnitude response for time delays of 0.2 ns,
0.375 ns and 0.5 ns are shown in Figure 4.24. The total number of taps for all cases in
Figure 4.24 is four. The transmitted optical SSB spectrum as a result of using each of these

filters is shown in Figure 4.25.
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Figure 4.24 Magnitude response of (a) 0.2 ns, (b) 0.375 ns and (c) 0.5 ns unit delay
with a four tap filter configuration
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Figure 4.25 Transmitted optical electric field magnitude spectra of (a) 0.2 ns, (b) 0.375

ns and (c) 0.5 ns unit time delay with a four tap filter configuration

Examining the Hilbert filter responses, the transmitted optical spectrum that each
response creates and utilizing these Hilbert filters in simulations, two conclusions were
drawn. First, increasing the number of taps increases the cancellation of one sideband in
the optical signal. As previously mentioned, the low frequency cutoff for the filter is
proportional to the time delay through the filter. Thus, more taps for a given time delay or a
longer time delay for a given number of taps reduces the vestige. Second, passband ripple
can be detrimental to the transmitted signal if the ripple occurs in the high power region of
the signal spectrum (i.e. =1-5 GHz). Consequently, the best Hilbert filter which had a
realistic truncated number of taps had only four taps and a unit time delay of 0.375 ns.
Even though this filter created a noticeable vestige, it’s distortion of the spectral
components in the 1-5 GHz region was minimal. An ideal Hilbert filter with very small
ripple and creating a very small vestige could be obtained with a infinite number of taps,

but this is realistically impracticable. Thus, a compromise was made to use four taps with
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an optimized time delay since a four tap combiner/splitter was available in the lab to create
the Hilbert filter for the experiments.

If an infinite number of taps were used, the Hilbert transform would be perfect and
would have a flat magnitude response. If Design 2 used a Hilbert filter with an infinite
number of taps, the simulated optical electric field spectrum at the transmitter would be as
shown in Figure 4.26. An infinite number of taps in the time domain can be simulated by
representing the Hilbert function in the frequency domain with the response shown in

Figure 3.2
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Figure 4.26 Transmitted optical electric field magnitude spectrum using Hilbert filter

with an infinite number of taps

From Figure 4.26, it can be seen that an infinite number of taps provides for a
better cancellation of the vestige than a filter with a limited number of taps. However, there
still are small spectral components present in the canceled sideband. These are due to the
higher order terms created by the MZ modulator which are not made SSB by the Hilbert
signal since m(z) is the Hilbert transform of the signal input to the MZ modulator, not the

signal at the output of the MZ modulator.

As a measure of performance of the four tap filter against a filter with an infinite
number of taps, the receiver sensitivity versus distance for Design 2 implementing both

types of filters is shown in Figure 4.27.

From Figure 4.27, it can be seen that a four tap filter is adequate for this system.
The primary reason that the filter with the infinite number of taps does not outperform a
filter with four taps is that the major impairment to the system is not the vestige from the

first order term but the non-SSB higher order terms created in the MZ modulator. More
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importantly, the squared terms created after square-law detection limit the ability to equalize
the chromatic dispersion at the electrical level.
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Figure 4.27 Receiver sensitivity versus distance for Design 2 implementing a Hilbert

filter with four taps and with an infinite number of taps

4.3.3 Variations on the Modulation Depth and Bias Angle

The general dual arm MZ transfer characteristic showing the electric field and power
versus the bias angle @ in equation 3.32 was plotted in Figure 3.12. In the previous
simulations, the operating point was always 6 = V% with small signal modulation around
that point. In Figure 3.12, this bias angle corresponds to the most linear power point.
However, the most linear electric field point is at 0 = V%. However, by biasing at
0= V%, the optical carrier would be extinguished and the capability for self-homodyne

detection would be eliminated. In addition, the larger the modulation depth on the MZ
modulator, the more distortion that becomes present in the optical SSB signal in the form of
unwanted sideband and unequalizable distortion terms generated by the square-law
detection process. On the other hand, the MZ cannot be driven with too low a modulation
depth or else there is too small a difference between light levels for a 0 and a 1 for the

purposes of noise immunity. Thus, an optimal condition for bias point and modulation
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depth should exist which minimizes distortion from both the MZ modulator and the square-

law detection process as well as maximizes noise immunity.

In the previous simulations, the modulation parameter P was set to 0.2. This
parameter, as will be shown, is the optimal value based on a number of factors including
the receiver sensitivity, the insertion loss in the modulator due to the modulation signal (i.e.
the reduction in optical power of the modulated signal over unmodulated light) and also the
ratio between the Hilbert signal m(¢) and the original information m(z).

The modulation parameter P can be translated to relative optical power levels for
binary levels at zero fiber length. For example, the modulation parameter P of 0.2 with
biasing at 6 = V% translates to optical power levels at the output of the MZ modulator
between 20% and 80 % of full light. In other words, a zero would be transmitted at 20 %
of full light and a one would be transmitted at 80 % full light. This is shown schematically
in Figure 4.28.
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Figure 4.28 Schematic of optical pulse sequence for a modulation parameter P of 0.2

If the modulation parameter was changed to 0.5, the extinction between levels
would be close to 0% and 100% of full light. On the other hand, a modulation parameter of
0.01 would translate to levels between 48% and 52% light. The tradeoffs between small
and large modulation parameters as they relate to noise immunity and also the ability to

equalize post detection were explored further.

As a first test of changing the bias point, the modulation parameter P was left at
0.2, the modulation ratio of m(t) to m(t) as determined by equation 3.35 was left at one
and only the bias point was varied from the original setting of 0 = V%. The receiver

sensitivity for Design 2 versus the bias angle 0 for a fiber length of 400 km is shown in
Figure 4.29.
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Figure 4.29 Receiver sensitivity versus bias angle 8 for Design 2 for a fiber length of

400 km, modulation ratio m(t) to m(r) of 1 and a modulation parameter of 0.2

From Figure 4.29, it can be seen that the receiver sensitivity follows a sharp
bathtub curve around the bias point 6 = V% and that this bias point is the best for the
modulation parameter of 0.2 and a modulation ratio of (z) to m(t) of one. In this case,
the ratio of m(t) to m(¢) was not allowed to vary, however, as was previously determined
by equation 3.35, this ratio must vary with the tangent of the bias angle in order to maintain
the maximum sideband cancellation of the optical electric field signal. A different set of

results is obtained if the modulation ratio is allowed to vary.

In a second test, the modulation parameter P and the bias angle 8 were varied with
the ratio between m(t) and m(t) allowed to change in order to optimize the receiver
sensitivity. In this case, the ratio of m(t) to m(r) follows the tangent of the bias angle as
defined by equation 3.25. In Figure 4.30, the receiver sensitivity versus the bias angle 0 is
plotted for a number of different modulation parameters P at a distance of 200 km. Figure
431 and Figure 4.32 shown the same scenarios for distances of 400 km and 600 km
respectively. The EDFA used at the receiver is modeled with the same parameters as the

one used in the previous receiver sensitivity calculations where the EDFA at the receiver or
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optical preamplifier had a small signal gain G,of 30 dB, a N, of 2 and an output

saturation power P, of 6 dBm.
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Figure 4.30 Receiver sensitivity versus bias angle 0 for Design 2 at 200 km allowing

the ratio of m(r) to m(t) to vary

From Figures 4.30 through 4.32, it can be seen that for each modulation parameter,

there is an optimal bias angle where the receiver sensitivity is maximized. This is due to the

combination of minimization of the total distortion terms generated from the MZ transfer

function and also the square-law detection process along with the maximizing of the noise

immunity process of the received sequence. The general characteristic shown in Figures

4.30 through 4.32 is common for all distances beyond approximately 200 km. However,

each modulation parameter has a different bias angle for maximum receiver sensitivity. For

example, a modulation parameter of 0.6 has a maximum receiver sensitivity at a bias angle
of 10 degrees or 10/180 of V. while a modulation parameter of 0.002 has a maximum
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receiver sensitivity at a bias angle near 85 degrees or 85/180 of V. The maximum receiver

sensitivity generally occurs where the modulation parameter is 0.2 with a bias angle near 45
degrees or "%/, . At some distances, the optimal modulation parameter varies from 0.2.
However, the general trend is that a modulation parameter of 0.2 was a good compromise
since it provided the best, or close to the best performance, for most distances of interest

less than 1000 km.
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Figure 4.31 Receiver sensitivity versus bias angle 6 for Design 2 at 400 km allowing
the ratio of m(t) to m(t) to vary

In Figure 4.33, the insertion loss in the modulator due to the modulation signal is
plotted for different modulation parameters P. This insertion loss was due to two elements.
First, the average optical power is reduced by the nature of the information since a lower
power level is transmitted for a zero than for a one. Second, if the bias point is altered, the

mean power level between a zero and a one is changed thus altering the average optical
power. The insertion loss is calculated as the difference of the optical power of the

continuous wave light into the modulator and the output of the modulator at the bias angle
6 where the receiver sensitivity is the best for that modulation parameter. From Figure

4.33, it can be seen that for a very small modulation parameter, the insertion loss due to the

101



Chapter 4 Simulation of Digital Optical Single Sideband Systems
signaling format is very high since the optimal bias point is near 8 = Ve 5 where there is a

small non-modulated component. It is optimal for higher modulation parameters where the

non-modulated component is larger and the average optical power between a zero and a one

is also higher.
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Figure 4.32 Receiver sensitivity versus bias angle 6 for Design 2 at 600 km allowing
the ratio of m(t) to m(z) to vary
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Figure 4.33 Insertion loss due to the modulation signal versus the modulation parameter
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What Figures 4.30 through 4.33, along with Figure 3.11 showing the ratio of m(t)
to m(t), demonstrate is, that on an overall basis, a modulation parameter of approximately
0.2 is a good compromise. This value gives close to the best receiver sensitivity with a
modulation insertion loss of 3 dB. Further, the ratio between of m(t) to m(t) is only one
which is important since from an implementation standpoint, large amplitudes in the actual
m(t) signal resulting from ratios larger than one can lead to experimental problems such as

saturation in amplifiers used to drive the modulator(s).

Initially, variation in the parameter P was evaluated as it pertained to the receiver
sensitivity. Subsequently, the variation in the parameter P was evaluated as it pertains to a
full EDFA cascade. Thus, the fiber loss, amplifier gain and ASE noise contributions of the
multiple EDFAs were added to the simulations. Throughout the initial simulations, the
parameter P was found to be optimal at 0.2. To show that this is still the optimal value, the
system BER performance is shown with all of the in-line EDFAs included.

In the following simulations, the fiber loss was represented as 0.25 dB/km and
splices are assumed to occur, with loss of 0.1 dB/splice, every 2 km. The link EDFAs

were modeled the same as the receiver EDFA; they are modeled as self regulating gain
blocks with a small signal gain G,of 30 dB, a N, of 2 and an output saturation power

P, of 6 dBm. The EDFAs were separated by 50 km fiber links. The optical insertion loss

per link was 19 dB consisting of 12.5 dB fiber loss, 2.5 dB splice loss and 4 dB insertion
loss due to an isolator at the input of the EDFA and an optical BPF at the output of the
EDFA.

The BER versus launched optical power is shown in Figures 4.34, 4.35 and 4.36
for three distances, 200 km, 400 km and 600 km respectively. The launched optical power
is representative of the optical power launched from the first EDFA at the transmitter into
the fiber. This power level is important since nonlinear effects in the fiber for these
distances or in the EDFA can set in when the optical power in the fiber exceeds

approximately +8 to 9 dBm.

A BER curve is plotted for each modulation parameter. The bias point used for each
curve was chosen so that the receiver sensitivity for each modulation parameter is

maximized.
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Figure 4.34 BER versus launched optical power into the fiber for different values of

modulation parameter P at 200 km

From Figure 4.34 through 4.36, it can be seen that a value of 0.2 for P provides

generally the lowest BER curve. For a P value less than 0.2, a high degree of linearity in

the transmitted signal is maintained and as a result, the equalized version of m(z) has little

distortion. However, the difference in optical power levels between a one and a zero is

small and as such, the system is more susceptible to noise. On the other hand, for values of

P higher than 0.2, the system is not as susceptible to noise because of a larger difference in

power levels for a one and a zero. However, the system cannot be equalized as readily

beyond approximately 150 km because of distortion from second order and higher terms

present in the transmitted signai. Consequently, the BER curves reinforce the conclusions

drawn from the corresponding receiver sensitivity curves. A modulation parameter of 0.2 at
a bias angle of 68 = V"A is still the best case.
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Figure 4.35 BER versus launched optical power into the fiber for different values of

BER

modulation parameter P at 400 km
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Figure 4.36 BER versus launched optical power into the fiber for different values of

modulation parameter P at 600 km
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4.3.4 Comparison of Single and Double Sideband Systems

In this section, optical SSB and DSB systems were studied with optical equalization
and compared to SSB systems with electrical equalization. The designs were modeled in
detail by including all of the EDFAs in the optical link. Thus, the fiber loss, amplifier gain
and ASE noise contributions of the multiple EDFAs were included in the simulations. This
provided two benefits. One, it showed what the baseline case was in terms of noise
accumulation through the optical link without the effects of chromatic dispersion disrupting
the received eye pattern and two, it showed how well an optical SSB system with electrical
compensation compared to a conventional DSB system using ideal optical equalization.

In general, three systems were shown. The first was the regular SSB case which
used the implementation shown as Design 2 and used an ideal electrical equalizer which
was modeled as the inverse fiber transfer function implemented at the electrical level. The
second was the same SSB system but used all optical equalization thus eliminating the need
for any electrical equalization. The third system was the regular DSB system which also
used full optical equalization. It is important to note that, the DSB case was driven to full
extinction. The modulation parameter P for the SSB cases was 0.2 so the MZ modulator
was not driven to full extinction in the SSB cases. At the fiber lengths over which the
simulations were performed, full optical extinction at the modulator was not possible in the
SSB case. At the longer fiber lengths, electrical equalization could only be carried out if the

modulation parameter was optimized. This was demonstrated earlier here in Chapter 4.

In the following simulations, the fiber loss was modeled for standard single mode
fiber operating in the 1.55 pm window. This loss was represented as 0.25 dB/km and 0.1
dB/splice with the splices occurring every 2 km. The EDFAs were modeled as either fixed
gain or self regulating gain blocks with a Ng, of 2.

The first case consisted of the system where the fiber length was fixed for all three
of the situations: DSB with no dispersion, SSB with no dispersion and SSB with
dispersion. The EDFAs in this case were set up in a self gain regulating format. An
example of BER versus launched optical power is shown in Figure 4.37 for a fiber length
of 600 km. In this case, all of the EDFAs had a P, of 6dBm and a G, of 30 dB with the
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link loss at 19 dB for 50 km EDFA separation. Thus, there were 13 EDFAs used in the
link. One of these EDFAs served as a postamp at the transmitter and a second served as a

preamp at the receiver.

—{— SSB with dispersion

-30 - “_ .."._
10 %~ ——o—— SSB without dispersion
\ o DSB without dispersion
(‘)40 * T ~ T
10 3 7 11

Launched Optical Power into the Fiber (dBm)

Figure 4.37 BER versus input power for 600 km fiber length for EDFA configuration
with P,y of 6 dBm and a G, of 30 dB with 50 km spacing between EDFAs

In a real system with DSB modulation, the optical equalization could be performed
with dispersion compensating fiber. Dispersion compensating fiber is usually added to the
system in a ratio of 4:1 where for every 4 km of standard single mode fiber used, 1 km of
dispersion shifted fiber is needed for equalization. Dispersion compensating fiber also has a
higher loss than standard single mode fiber at 0.5 dB/km at the 1.55 pm wavelength. Thus,
if the previous system is considered where each link had 50 km of fiber, 40 km of it would
be standard single mode fiber and 10 km of it would be dispersion compensating fiber.
Thus, each link will have an additional 2.5 dB of loss due to the dispersion compensating
fiber. In Figure 4.38, two of the same systems are shown again with a new one, DSB with
dispersion. This new system is representative of a DSB system with full optical
equalization but the link loss is now 21.5 dB representative of the higher loss incurred in
each link by the dispersion compensating fiber.
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Figure 4.38 BER versus input power for 600 km fiber length with EDFA configuration
with P, of 6 dBm and a G, of 30 dB and 50 km spacing between EDFAs

In the third system, all of the EDFAs in the cascade, including the EDFA pre-
amplifier at the receiver, were modeled with a P, of 15 dBm and a G, of 28 dB. The
EDFA gain in this case was fixed at 28 dB. The EDFAs were separated by 80 km sections
of standard single mode fiber. As a result, the optical loss per stage was 28 dB (20 dB fiber
loss, 4 dB splice loss and 4 dB insertion loss due to an isolator at the input of the EDFA
and optical BPF at the output of the EDFA).

In this simulation, the optical gain of each amplifier was equal to and fixed at the
loss of each link. The received BER versus required input optical power to the first EDFA
in the system is shown in Figure 4.39. The plot shows the BER versus required input
power for three cases, the DSB case with no dispersion, the SSB case with no dispersion
and the SSB case where dispersion is included and the received signal is equalized with an
ideal equalizer in the electrical domain. The fiber length is 560 km. Thus, eight EDFAs
were used in the system. The launched power into the fiber for a given point on the x-axis
in Figure 4.39 can be calculated by adding 28 dB to the power input to the EDFA post-

amplifier.
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Figure 4.39 BER versus input power for EDFA configuration with a fixed gain of 28 dB
at 560 km with 80 km spacing between EDFAs

In the fourth system, all of the EDFAs in the cascade, including the EDFA pre-
amplifier at the receiver, were modeled with a Py, of 10 and a G, of 25. The EDFAs in
this case were allowed to self regulate. The EDFAs were separated by 80 km sections of
standard single mode fiber. As a result, the optical loss per stage was 28 dB (20 dB fiber
loss, 4 dB splice loss and 4 dB insertion loss due to an isolator at the input of the EDFA
and optical BPF at the output of the EDFA).

In this case, the gain of each opiical amplifier was less than the loss incurred in each
link. As a result, the SNR degraded rapidly as the signal propagated from the transmitter to
the receiver. The received BER versus required input optical power to the first EDFA in the
system is shown in Figure 4.40. The plot shows the BER versus required input power for
three cases at 320 km, the DSB case with no dispersion, the SSB case with no dispersion
and the SSB case where dispersion is included and the received signal is equalized with an

ideal electrical equalizer.

The differences between the EDFA configurations shown in Figure 4.39 and Figure
4.40 lie primarily in the ratio of available optical gain in each stage to optical loss in each
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stage. In the first EDFA configuration shown in Figure 4.39, the available optical gain in
each stage was equal to the loss in each stage. However, for the EDFA configuration in
Figure 4.40, the available optical gain in each stage was less than adequate to cover the loss

in each stage. Thus, the SNR of the optical signal degraded very rapidly in Figure 4.40.
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10 30 25 -20 -15 -10 -5

Input Power to EDFA preamp (dBm)

Figure 4.40 BER versus input power for EDFA configuration with P, of 10 dBm and
a G, of 25 dB and 80 km spacing between EDFAs at 320 km

In all of the systems simulated, the DSB system with no chromatic dispersion
outperformed the SSB case with no chromatic dispersion primarily because the MZ
modulator was being driven harder in the DSB case and thus the optical extinction ratio
between a zero and a one was larger in the DSB case. The SSB case with chromatic
dispersion performed less favorably primarily because the received eye in the last system
could not be fully equalized due to the vestige and more significantly to the distortion terms
of the information evident after square-law detection. As such, some eye closure occurred

in the received signal as the fiber length was increased beyond 200 km.

Comparing the three different EDFA configurations with the system employing
electrical equalization and the DSB system employing optical equalization, it can be seen

that the margin of improvement of the DSB system over the SSB system grows as the
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available gain of the EDFAs grows. Thus, as the EDFAs ability to recover the fiber loses
decreases, it appears that the systems are more similar in terms of performance. However,
this isn’t a benefit of the SSB system. The SNR is degrading so fast with distance in all

cases that they only look comparable.

From these systems, it can be seen that the DSB system employing realistic optical
equalization still outperformed the SSB system employing electrical equalization. However,

there are some other issues to be considered as will be discussed in Chapter 6.

4.3.5 Variations on the Pattern Length

In the previous simulations, the pattern length of the simulated bit sequence was
always set to 127 or 27 —1 bits. This was adequate for demonstrating the general concept
of the SSB systems and variations on established transmitter and link configurations.
However, most experimental systems are subjected to tests with much longer pattern
lengths such as 2% — 1. For longer pattern lengths, the low frequency content of the signal
becomes more significant in the signal spectrum. This increase in low frequency content
could prove to be important in SSB systems if signal power in the low frequency content
resides in the vestige portion of the transmitted SSB signal. An attempt was made to try and
measure this effect and the resuits showed that for a smaller pattern length of 2° —1 or 31
bits, the receiver sensitivity for most distances was better than the 2’ —1 case. This was
due to the eye pattern opening up more because of fewer traces across the eye. For a longer
pattern length of 2° —1 or 511 bits, the receiver sensitivity was generally worse because of
more eye closure. However, for pattern lengths even still longer than 2° —1, the eye did
not close much more and the receiver sensitivity remained constant. To examine this effect
more completely, a longer pattern length would have to be tested. The problem in carrying
out this measurement in simulation was that simulated pattern lengths longer than 2'° —1
took an extremely long time (> 4 hours) to compute with the current program. In fact,
pattern lengths of 22 —1 would take an incredibly long length of time to compute in any
program running on a personal computer. Regardless, systems simulated with pattern
lengths in the 2" —1 to the 2'% -1 range sufficed since even though the longer pattern
length was important, it wasn’t essential when measuring the implications of major changes

in the SSB configuration over distances less than 500 km.
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To show the effect that the pattern length could have on a SSB system with a
vestige, the receiver sensitivity versus pattern length for 1000 km is shown in Figure 4.41
for two cases. The first is where a Hilbert filter with four taps is used and the second is
where a Hilbert filter with an infinite number of taps is used. The infinite number of taps
was simulated through an ideal frequency response representation of the Hilbert function.

-15

—{— Four Taps

Receiver Sensitivity (dBm)

OO - Infinite Taps

5 6 7 8 9 10 11
Pattern Length 2N —1

Figure 4.41 Receiver sensitivity versus pattern length for a fiber length of 1000 km

From Figure 4.41, it can be seen that the pattern length becomes significant in the
system employing the four tap filter at lengths of 2! _1. This significance is seen at
different fiber lengths for different pattern lengths due to the low frequency components in
the vestige. The implications are a result of the dispersion limited distance of the low
frequency components becoming critical. It is expected that this difference would become
more pronounced with increasing pattern length. In addition, the difference would also

become more significant with increasing fiber length due to increased dispersion.

4.3.6 Comparison of Normal Single Sideband with Composite
Single Sideband

As outlined in section 3.5, a CSSB system provides the best SSB signal from an
analytic approach. Thus, if the transmitter shown in Figure 3.24 is used to generate the
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optical signal, the optical electric field spectrum that is created at the output of the PM is
shown in Figure 4.42.
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Figure 4.42 Optical electric field spectrum for CSSB

From Figure 4.42, it can be seen that this SSB spectrum provided the best sideband
cancellation. As shown in the transmitter diagram in Figure 3.24, the output of the MZ
modulator was used to create the Hilbert signal and thus all ordered terms were SSB. The

previous cases had only the first order term in a SSB form.

In Powers’ CSSB system, it is important to note that the amplitude of the
modulation of the carrier is the square-root of the information signal. This way, the
information is properly recovered upon square-law detection. This was not the case in the
simulations using the CSSB transmitter shown in Figure 3.24. In this case, the information
m(t) was directly modulated onto the optical carrier with a MZ modulator in the

conventional manner.

In Figure 4.43, the receiver sensitivity versus fiber length is shown for the regular
SSB approach using Design 2 and the CSSB approach as shown in Figure 3.24. As can be
seen in Figure 4.43, the performance is nearly the same for both cases, equalized and
unequalized. This is a direct result of the fact that the information is not modulated onto the
carrier in a square-root form. Thus, the level of sideband cancellation is only beneficial to a
certain point. If there is a square-law detection process at the receiver, there will always be

a squared term of the information providing some distortion.

This can be shown through an example. If the electric field is a perfect SSB signal

of the form:
E = C+m(t)+ jm(t) (4.49)
where C is a carrier in phase with m(t), the detected optical power is:
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|E?| = C* +2Cm(e)+ m? (1) + i (2) (4.50)

Thus, as can be seen in equation 4.50, there is always distortion in the received

signal due to the squaring of the information, even if there is perfect sideband cancellation.
The only way this distortion is reduced is as the limit of %( 1) goes to infinity. However,

as seen before, for noise purposes, the difference in transmitted optical powers between a
one and a zero cannot be too small or else the system is less immune to noise. This

translates into a higher BER at the receiver.

Implementing the CSSB system in Figure 3.24 is realistically impractical. Detecting
the magnitude of the optical electric field and taking the perfect log of a 10 Gb/s digital
signal impossible tasks at this time. Taking the perfect log means the log function cannot be
approximated. Since the sideband cancellation process is based on analog signals,
approximations to the log function would immediately create unwanted spectral
components in the canceled sideband. Thus, the original designs described as Design 2 and
Design 3 are good approximations to SSB operation. Benefit is seen from the nature of the

SSB operation, even if there isn’t perfect sideband cancellation.
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Figure 4.43 Receiver sensitivity versus fiber length for SSB and CSSB
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4.3.7 Comparison of Design 2 with and without Square-Root
Function

As was alluded to in the previous section, the square-root function is an important
one since, in order to eliminate the distortion generating process of square-law detection, a
square-root function is needed somewhere in the system. A case is examined where the
regular SSB signal is created at the transmitter and a square-root function is used at the
receiver such that the magnitude of the electric field is detected at the receiver rather than the

magnitude of the optical power.

If a square-root function is implemented at the receiver following the square-law
detector as shown in Figure 4.8, some improvements are seen in the received eye over the
regular case. For example, Figure 4.44 shows the received eyes at 1000 km using a regular
SSB transmitter with a normal square-law detector and with a square-law detector followed

by a square-root function.

Figure 4.44 Received eyes at 1000 km for (a) normal square-law detection and (b)

square-law detection followed by a square-root function

From Figure 4.44, it can be seen that there is a small improvement in the eye
opening when the square-root function is used. It can also be seen that the eye is also not
totally distortion free. This is due to a number of factors. First, there are higher order
distortion terms present from the MZ transfer function at the transmitter. Second, the
square-root function follows the square-law detector plus the receiver filter frequency
response. Practically, an approximation to the square-root function might be implemented

experimentally by a diode.

As was shown in section 3.6, the noise processes of a random variable representing

the photocurrent after square-law detection can be modeled as Gaussian. However, as was
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also shown, the noise processes at the output of the square-root are not Gaussian if the
input random variable is Gaussian. Using the new noise derivations shown in section 3.6,
the receiver sensitivity for a SSB system with square-law detection and with and without

the square-root function was calculated and is shown in Figure 4.45.
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Figure 4.45 Receiver sensitivity versus fiber length for normal square-law detection and

square-law detection followed by a square-root function

From Figure 4.45, it can be seen that for the unequalized case, there is no
improvement in the receiver sensitivity. This is correct since putting a random variable with
a certain amount of noise or a given SNR through a nonlinear function doesn’t create a new
random variable with a better SNR. At best, the SNR will stay the same. However, it can
also be seen that if equalization is added, there is an improvement seen if the square-root
function is added at the receiver. This is primarily due to the fact that the second order term
of the information created upon detection is reduced with respect to the first order

information which is the desired signal.

In the previous simulations, the time of calculation for the receiver sensitivity was
considerably longer for the system implementing the square-root function at the receiver

than the normal case. This was due to the fact that an additional integral was required at

116



Chapter 4 Simulation of Digital Optical Single Sideband Systems

each bit to calculate a new noise variance as shown in equation 4.48. Further, at each bit,
the common complementary error function (erfc) could not be used to calculate the
probability of error for each bit as it is in the Gaussian case. Since the distribution is
skewed as shown in Figure 4.11, another integral of the probability density function for
each bit had to be carried out to determine the new probability of error. A program that uses
the erfc function is considerably faster than one that numerically computes the integral since
subroutines have been professionally written to speed up this calculation. Thus, it was of
interest to see the comparison between the probability of error generated by using the new
variance in a case where the new non-Gaussian distribution was used and one where the
new variance was used but the probability density function was assumed to be
approximately Gaussian so that the probability of error calculations could be speeded up by

using the erfc function. The results of this comparison are shown in Figure 4.46.
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Figure 4.46 Receiver sensitivity for square-root with Gaussian and non-Gaussian noise

processes

From Figure 4.46, it can be seen that for the cases of interest, the new probability
density functions after the square-root function can be approximated to be Gaussian and

close to the same results are obtained. The primary difference between using the two
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approximations lies in the optimum threshold level. Since the absolute value of the

threshold is unimportant in the simulations, the substitution is acceptable.

Using a Gaussian approximation to speed up the simulations, the modulation
parameter P and the bias angle 8 were checked again in a system where a square-root

function was employed at the receiver.
Figure 447 shows the receiver sensitivity versus bias angle for different
modulation parameters at a fiber length of 600 km. Figure 4.48 shows the BER versus
launched optical power for different modulation parameters at 600 km. Again, the BER
curve for each modulation parameter is calculated at the optimal bias point, or the point that

gives the best receiver sensitivity for that modulation parameter.
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Figure 4.47 Receiver sensitivity versus bias angle for 600 km with square-root function

at the receiver
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(Legend for Modulation parameters is the same as Figure 4.47)
Figure 4.48 BER versus bias angle for 600 km with square-root function at the receiver

From Figure 4.47 and 4.48, it can be seen that a modulation parameter P of 0.2 at a

bias angle of 6 = V% was still the optimum case, even when the square-root function was

employed at the receiver.

4.3.8 Single Sideband with Non-Zero Source Linewidth

Additional investigations showed that the laser linewidth was a primary factor in
limiting the transmission distance. The inhibiting factor originating from the laser linewidth
is a FM-AM noise conversion which is dependent on the laser linewidth and the amount of
chromatic dispersion incurred by the fiber. Variations in the instantaneous wavelength of
the source are a result of an inherent FM noise in the laser. These frequency deviations are
generally classified as a source linewidth which is measured as the 3 dB spectral width of
the source over a given time interval. Through the interaction of the dispersion and the
square-law detection process, the FM noise is converted to an AM noise. This type of noise
has minimal effects in DSB systems employing optical equalization for dispersion but it is
significant in SSB systems using post detection equalization. In optically equalized

systems, the dispersion is essentially zero at the point of detection and thus the FM noise is
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not detected. In the SSB system where the equalization is post detection, the FM noise
distorts the spectral components further away from the carrier. This phase deviation

incurred by the FM noise is not reversible in the post detection domain.

Investigating this noise process further, the maximum laser linewidth versus fiber
length for the SSB system known as Design 2 is shown in Figure 4.49. This is the
maximum source linewidth that is allowed, considering it is the only noise source in the

system, that would maintain a BER of 10~ at the receiver.

In order to calculate the maximum allowable linewidth in Figure 4.49, equations
431 to 4.33 were used. These equations described the relationship of the FM-AM noise
process. As previously mentioned, this noise is dependent on the interaction of the
chromatic dispersion in the fiber with the source linewidth. Thus, the additional parameters
involved in this calculation were the fiber length, the dispersion coefficient, the electrical
bandwidth and the wavelength of operation. For these simulations, the dispersion
coefficient was again set at 17 ps/km-nm, the electrical bandwidth was set at 8 GHz and the
wavelength of operation was 1.55 pum. To calculate a required linewidth for a given
distance, the noise free eye was determined from simulation. From this eye, the extinction
ratio of the open eye was measured and used to determine what the maximum RIN due to
FM-AM noise could be in order to maintain a given BER. The relationship is given as [44]:

RIN = —%[u]z (4.51)
QO Lk+1

where k is the ratio between the mean values for a one and a zero and Q is the number of
standard deviations from a given level to the optimal decision threshold. For a BER of

10~°, Q is 6.

It is interesting to note that the FM-AM noise penalty increased as the fiber length
increased and the eye became smaller. Thus, the chromatic dispersion has a double negative
impact on the system since it closes the received eye as well as increases the level of FM-
AM noise. For the linewidth calculations in Figure 4.49, the dispersion effected eye for the
distance of interest is used for each calculation since it is not realistic to use a O km eye to

calculate the FM-AM noise at 1000 km.
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Figure 4.49 Required laser linewidth for a BER of 10~ versus fiber length for a SSB

system

From Figure 4.49, it can be seen that the FM-AM noise limited distance for a
system using a source laser with a linewidth of 4 MHz is approximately 200 km. For

systems longer than 1000 km, a source linewidth less than | MHz would be required.

In the next set of simulations, variations in the laser source linewidth in the context
of the full EDFA cascade were examined. Thus, all of the system noise sources, including
the FM-AM noise, were considered. Throughout the simulations earlier on in Chapter 4,
the source linewidth was always set to zero. To show that this was the optimal value,
values for the source linewidth ranging from O to 4 MHz were simulated for Design 2. In
the following simulations, the fiber was modeled the same as in the previous simulations
with the same loss and dispersion coefficient. The EDFAs were self gain regulating with a
G, of 30 dB, a P, of 6 dBm and a Ny, of 2. In this simulation, the total fiber length was
540 km and the EDFAs were separated by 45 km intervals. The received BER versus
launched optical power out of the EDFA post-amplifier for the varying linewidths are

shown in Figure 4.50.
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Figure 4.50 BER versus launched optical power into the fiber for 540 km fiber length

for different values of source linewidth

From Figure 4.50, it can be seen that the lowest BER curve occurs when the laser
source linewidth is zero. As the linewidth increases, the BER curve becomes worse and as
the launched optical power increases, the curve hits a floor as predicted by the FM-AM
noise theory. This theory predicts that the FM-AM noise is dependent on both the laser
linewidth and the fiber length and as such, increasing either the length or the linewidth
degrades the systems performance. For 540 km, it can be seen that if a BER better than

107 is to be achieved, a linewidth less than 1 MHz is required.

4.3.9 Modeled Microstrip Equalizer

In the previous simulations, ideal equalization in the form of an inverse fiber
function implemented at the electrical level was used in order to demonstrate the theoretical
capability of optical SSB systems. In a real experiment, the equalization must be carried out
with a microstrip line or some other type of equalizer. In this simulation, the microstrip was
modeled as a stripline microstrip with a frequency dependent group velocity and

attenuation.
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In order to show how the system performed over long distances, the modeled
microstrip was used to equalize the received signal and was defined by the equations
shown in section 4.1. The eye diagrams of a received signal using the modeled microstrip
at distances of 300 km, 800 km and 1000 km are shown in Figure 4.51.

Figure 4.51 Received eye diagram using Design 2 for (a) 300 km and (b) 800 km and
(c) 1000 km using the modeled microstrip equalizer

From Figure 4.51, it can be seen that the equalized eye at 300 km might be adequate
but the eye at 1000 km is not very good.

Investigating this process further, the receiver sensitivity versus distance is shown
in Figure 4.52 for the SSB system with ideal equalization represented by the inverse fiber
function and a modeled microstrip equalizer. For this particular microstrip model, the
previous parameters for permitivity, height and width of 10.2, | mm and 1 mm
respectively were used. In this model, the frequency dependent conductor loss was

modeled using equations 4.23 and 4.24 with ¢ for Copper set at 5.8e7 S/m.

From Figure 4.52, it can be seen that for distances beyond approximately 500 km,
the systems performance using the microstrip equalizer degraded. This is due to two
factors. First, the microstrip is only an approximation to the inverse fiber transfer function,
it is not exact. Second, as also mentioned in section 4.1, the microstrip has a frequency
dependent attenuation constant. This attenuation is significant when the microstrip length
exceeds 40 cm which is the predicted amount of microstrip needed to equalize 500 km of
standard single mode fiber. Thus, the more microstrip that is needed, the more degraded

the equalized eye is from the microstrip.

Figure 4.53 shows a plot of the microstrip length needed to equalize a given length
of fiber. These microstrip lengths were used for the receiver sensitivity calculations shown

in Figure 4.53 and were the optimal microstrip lengths for each fiber length. The microstrip
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length was optimized in each case by maximizing the eye opening at the receiver for each
fiber length. As can be seen from Figure 4.53, the relationship is approximately linear.
-10

—1+— Ideal equalizer

Receiver Sensitivity (dBm)

~~O——-  Modeled microstrip equalizer
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Figure 4.52 Receiver sensitivity versus fiber length using an ideal and a modeled

microstrip equalizer
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Figure 4.53 Microstrip length versus fiber length using Design 2
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5. DIGITAL OPTICAL SINGLE SIDEBAND
EXPERIMENTAL RESULTS

5.1 Introduction to the Experiments

As was shown in Chapter 4, a number of different transmitter designs exist for
generating digital optical SSB signals. Systems with varying levels of sideband cancellation
and performance were shown. These included Designs 1 through 3 and the original CSSB
design. Different detection schemes were also suggested such as square law detection and
also square-law detection with an additional square root function implemented post
detection. Along with the different modulation formats, different Hilbert transform circuits
and different modulation parameters were also suggested and simulated. Although some
designs present themselves as theoretically the best alternative, they may not be the best
design to implement experimentally. When it comes to implementing a circuit or system
with real components, tradeoffs must be considered. These tradeoffs consist mainly of
limitations of actual components versus the improvement in overall performance they
create. In most cases, some theoretical functions can only be approximated and as such, the
level of nonideality must be considered and weighed off against the benefit supplied in the

design.

Consequently, a number of choices were made in deciding which implementation of
optical SSB would be assembled and tested. First, Designs 2 and 3 were selected to be
implemented experimentally due to their improved simulated performance over Design 1.
Second, the tapped delay line Hilbert transform circuit was used since it was more readily
implementable than any of the modified Weaver approaches. Further, the tapped Hilbert
filter was approximated with four taps. Four taps were used since a 4:1 broadband

combiner was readily available and as shown in the simulations, provides for adequate
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representation of the Hilbert signal. The true CSSB method was not implemented at the
transmitter since it is not possible with today’s technology to detect the envelope of the
electric field and implement a perfect natural logarithm on broadband data. At the receiver,
regular square-law detection was implemented with a pin detector. The square root option
following the receiver was also not implemented since if it were, it would only be an
approximation with a nonlinear element and probably would not offer any significant
benefit. The equalizer, as already mentioned, was implemented in microstrip. As
previously mentioned, the microstrip provides a good approximation to the inverse phase
response of the second order dispersion in the fiber. The approximation is not exact but due
to the inexpensive construction of the microstrip lines and the ease of design, were the best

alternative at this time.

One of the underlining goals in the implementation of the optical SSB system was
simplicity. By making minimal changes to a regular optical DSB system, conversion to an
optical SSB system would seem more favorable than if major changes would be required.
This is especially true for optical systems that are already installed. The optical SSB
systems tested in this chapter offer a compromise between ease of implementation, realistic
components and improved performance. To implement these optical SSB systems, the only
changes that would have to be made to a conventional DSB system would be to modify the
incoming data channels such that the modulators would be driven to give optical SSB and

to add an appropriate length of microstrip in the post detection electrical circuit.

Experiments on the optical SSB system were carried out at two locations. The first
was at TR Labs in Edmonton, Alberta while the second was at the Skyline lab at Nortel in
Ottawa, Ontario. The majority of the developments and experiments were carried out at TR
Labs while a final set of experiments were carried out at Nortel to investigate certain

scenarios.
5.2 Optical Spectrum Analyzers

One of the important considerations when assembling the optical SSB transmitter is
the degree of sideband cancellation. The optical SSB system will perform best when the
sideband cancellation is optimized. This sideband cancellation can be nonideal for a number

of reasons including improper timing of the data and it’s Hilbert transform, improper
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timing of the taps in the Hilbert filter, improper drive levels of the modulators and improper
polarization of the light entering the modulators.

The optical spectrum of the information signal cannot be properly measured by
conventional optical spectrum analyzers since their lowest resolution is in the range of 0.1
nm or 12.5 GHz. To measure the information spectrum, a new optical spectrum analyzer
was constructed. This was achieved by using a Fiber Fabry Perot (FFP) interferometer to
sweep the optical spectrum. The acquired FFP device had a bandwidth of 100 MHz and a
free spectral range (FSR) of 40 GHz. The voltage required to sweep one FSR was
approximately 12V. The principle of operation of the device is that when a voltage is
applied to a piezoelectric element, the effective cavity length of the device changes. Thus,
the resonant frequency of light transmitted by the cavity changes proportionately. Thus, a
linear sweep of applied voltage provides for a close-to-linear sweep of optical frequencies

transmitted.

There were two different designs of a system that would give a spectral sweep of
the optical frequencies of interest. The optical spectrum display circuit for the first design is

shown in Figure 5.1.

FFP-Controller

. . PIN
Optical Signal
T ISO —> FFP —¥ —1  0OSC
Components PC
FFP - Micron Optics FFP-TF 4519 tunable filter

FFP-Controller - Micron Optics FFP-100 controller
ISO - JIDS IS2500 optical isolator

OSC - Tektronics 2430 digital oscilloscope

PC - Macintosh Ilsi personal computer

PIN - BT&D photodetector

Figure 5.1 Optical spectrum analyzer using a FFP, a pin diode and an oscilloscope
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In the first design, the FFP was driven with a triangle wave from a FFP controller.
The transmitted light through the FFP device was detected with a photodiode and the
received electrical signal was displayed on a digital oscilloscope. In this design, the FFP
controller triggered the oscilloscope such that the optical spectrum could be continuously
displayed on the oscilloscope. This was useful in phase aligning the electrical drive signal
to the PM in Design 3. The display on the oscilloscope was captured on file with the use of

a Labview program written on a Macintosh personal computer.

One of the problems encountered with the design shown in Figure 5.1 was that the
spectral components of the data ranging from 5 to 10 GHz away from the carrier were
below the noise floor of the displayed spectrum. The vertical scale on the spectral plot was
linear. Thus, not only were some of the spectral components of the data buried below the
noise floor but the information spectrum and the carrier could not be displayed on the

screen at the same time because of the significant power in the carrier.

To partially correct for this problem and improve the quality of the spectral plots,
the large dynamic range of a Hewlett Packard (HP) optical power meter was used as the
detecting element. With the new power meters logarithmic scale, the spectral components
of the information in the 5 to 9 GHz range away from the carrier were better displayed. In

addition, the peak power of the carrier could also be displayed. The new design is shown

in Figure 5.2.
DC Supply < PC
Optical Signal L T
T P ISO —> FFP »1 OPM

Components

FFP - Micron Optics FFP-TF 4519 tunable filter
DC Supply - Keithly 576 addressable DC supply
ISO - JDS 1S2500 optical isolator

OPM - HP 8153A optical power meter

PC - Macintosh IIsi personal computer

Figure 5.2 Optical spectrum analyzer using a FFP and an optical power meter
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Due to the slow response time of the optical power meter, the triangle wave
generated by the FFP controller could not be used to drive the FFP in the second design.
The lowest frequency wave generated by the FFP controller was too high for the optical
power meter. Thus, an addressable dc power supply was used to generate the linearly
increasing voltage signal. The addressable dc supply and the optical power meter were both
controlled from a Labview program running on a Macintosh personal computer so that the
delay time between incremental step in voltage could be set long enough to allow the optical
power meter to take an accurate reading. The output of the optical power meter was logged
in a file and plotted. This design provided a better measurement of the optical spectrum but

the acquisition time was much slower.

5.3 Experiments at TR Labs

5.3.1 Supporting Circuits

To verify the theory developed in Chapter 3 and the simulation results presented in
Chapter 4, the systems developed as Design 2 and Design 3 were assembled and tested. In
addition, a standard DSB system was also assembled and tested for comparison purposes.
The data rate for all of the optical systems was the OC-192 rate (~ 10 Gb/s).

A number of the subsystems used in each design were similar for all of the
experiments. This included the generation of the 10 Gb/s data signals, labeled as Q and
Qbar, from the 2.5 Gb/s data supplied by the Bit Error Ratio Test set (BERT), the 10 GHz
clock at the transmitter, the photodetector and receiver circuit, and the 2.5 GHz clock
recovery circuit at the receiver. Q and Qbar are representative of scaled versions of m(t)

and —m(t) which have been used in the mathematical derivations in the previous chapters.

The HP pattern generator (model: 7084 1A) within the BERT supplied 2.5 Gb/s data
and data bar signals. These signals were multiplexed (MUX) to generate a 10 Gb/s signal

as shown in Figure 5.3.

In addition, in order to run the 4:1 MUX properly, a 10 GHz clock was needed as
an input to the MUX. It was generated from the 2.5 GHz clock supplied by the BERT set
as shown in Figure 54.
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-3 BD
BERT 3215 s
Data l—p{ § —» BD ———»| DI 0]
2.5 Gb/s o — gz 4:1 MUX
>
Data » S L5 BD | | Do CK Q>
4.012
CK 012 ns
l From 10 GHz Clock
Generator
To 10 GHz Clock
Generator
Components

BERT - HP bit error ratio test module

S - Mini-Circuits ZFSC-42 resitive splitter
BD - bulk delay

4:1 MUX - NEL NLG4219 4:1 multiplexer

Figure 5.3 Circuit to generate 10 Gb/s data from 2.5 Gb/s data supplied by the BERT

The receiver circuit for all of the optical DSB and SSB experiments is shown in
Figure 5.5. In the receiver circuit, amplifiers were required post detection to boost the
power of the signal to levels appropriate for the GaAs logic. The equalizer shown in Figure
5.5 is representative of the microstrip used to reverse the chromatic dispersion effects
induced by the fiber in the SSB designs. At the receiver, the timing of the 2.5 GHz clock
driving the D flip-flop (D-FF) was time delayed with a line stretcher such that any one of
the four data channels multiplexed together could be sent to the BERT for a BER
measurement. In all of the BER measurements, the channel showing the worst BER was

used as the value representative of the entire system.

In addition, in order to clock the receiver decision making D-FF properly, a 2.5
GHz clock was extracted from the received data. This clock recovery from the data was
essential in order to track any phase drifts in the received data incurred from the fiber.
These drifts were significant in long lengths of fiber such as more than a few km. The

clock recovery circuit is shown in Figure 5.6.
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From Clock on
the BERT —| At | _» At | ol s " M |—a At
(2.5 GHz) (-10) (-6) f—> (-10)
At At
N i
10> PCB > clo " CR
. »| FD || BPF —> B | 10 GHz Clock
|
0.7V

Components
Al - Mini-Circuits ZHL-1042J amplifier
A2 - Avantek AWT-8035 amplifier
A3 - Veritech VM10LA-155 limiting amplifier
At - ARRA attenuator (-x dB)
B- Picosecond Pulse Labs 5575A bias tee
BPF - K&L 5C52-9952/T20/0/0 band pass filter
CIR - Narda 4924 circulator
DCB - Picosecond Pulse Labs S500A DC block
FD - Wilkinson Johnson FD93C frequency doubler
M - Narda 4804 mixer
S - Mini-Circuits ZFSC-42 resitive splitter

Figure 5.4 Circuit to generate 10 GHz clock from 2.5 GHz clock supplied by the
BERT
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To Clock
Recovery Circuit

| !

<> | DCB —> Atl > SCP

Qr—

——| Equalizer —»{ B {»{D D-FF To BERT
Q »

| CK

-1.2V T

Components From Clock
Al - SHF 90P amplifier Recovery Circuit

A2 - Veritech VMA3K10C-232 amplifier (2.5 GHz)
Atl- HP 8495B variable attenuator (0-70 dB)

B- Picosecond Pulse Labs 5575A bias tee

DCB - Picosecond Pulse Labs 5500A DC block

D-FF - NEL NLG4104 D-flip flop

Equalizer - Microstrip equalizer (used in SSB designs)
PIN - BNR PIN-Preamp module

SCP - PSPL 5520C probe

Figure 5.5 Receiver and decision circuit
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From Probe in
Receiver —p| At | _» A2 | FD —»| cIR —» CF
Circuit (-10)
> At > A3 At ——» B
(-6) (-9 T
05V
R —» f_‘g) | »| DCB | To BERT
1:4 DEMUX (2.5 GHz)
b CK Ckiatr—»] LS - LS p—» To Clock on D-FF
Components

Al - CTT APM/080-3036 amplifier

A2 - Miteq JS4-00102600-03 amplifier

A3 - Avantek LMT-12436 amplifier

At - ARRA attenuator (-x dB)

At2 - Wienschel 21-10 842 high power 10 dB attenuator
B- Picosecond Pulse Labs 5575A bias tee

CF - K&L 6C60-9953/T10-0/0 cavity filter

CIR - Narda 4924 circulator

DCB - Picosecond Pulse Labs 5500A DC block
FD - Narda 4453 frequency doubler

LS - MA/Com 2054-6103-00 line stretcher

1:4 DEMUX - NEL NLG4219 1:4 demultiplexer

Figure 5.6 Clock recovery circuit to regenerate 2.5 GHz clock from the received data at

the receiver
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5.3.2 Electrical Magnitude Spectra

One of the first experimental measurements taken was spectral plots of the electrical
10 Gb/s data signals m(r) representing the binary information and (¢) representing the
Hilbert transform of the information. The measurement of m(t) is shown in Figure 5.7 and

the measurement of m(t) is shown in Figure 5.8.
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Figure 5.7 Electrical magnitude spectrum of the signal m(t)
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Figure 5.8 Electrical magnitude spectrum of the signal () with the magnitude
response of the four tap Hilbert filter overlayed as a dashed line
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These spectra were measured with a HP 8565E spectrum analyzer. This spectrum
analyzer could display the information spectrum from 9 kHz to 10 GHz on one screen
without any discontinuities in the noise floor. Discontinuities in the noise floor can result
from the spectrum analyzer using multiple local oscillators with different noise
characteristics to sweep a given frequency range. This spectrum analyzer used a single local

oscillator with a sweep capability from 9 kHz to 50 GHz.

The spectral response of each signal was measured at the input to the modulators.
Since these signals were to be used in a transmitter configuration implementing Design 3,
the signal in Figure 5.7 representing m(t) would drive one arm of a MZ modulator while
the signal in Figure 5.8 representing m(r) would drive the PM. In the experiment, the MZ
modulator had a V. of about 4.4 V while the PM had a V_ of about 8.9 V. Thus, this

difference in V, accounts for the increased power in m(t) shown in Figure 5.8 over m(r)

in Figure 5.7.

Examining the spectral response of m(r) in Figure 5.7 in more detalil, it can be seen
that the first spectral null in frequency is at 10 GHz which is correct for a 10 Gb/s binary
NRZ signal. Spectral components are evident beyond 10 GHz due to the nature of the
digital information created by the signal source. However, these components are strongly
attenuated after modulating the MZ modulator since the 3 dB spectral width of the MZ
modulator is around 8 GHz. This bandwidth is adequate for transmitting the 10 Gb/s data.

The spectral content of m(¢) in Figure 5.8 is the approximate Hilbert transform of
the information m(r). As previously mentioned, the Hilbert transfer function is
approximated with a four tap delay line filter. In Figure 5.8, the magnitude response of the
four tap filter is overlayed on the magnitude spectrum as a dashed line. Due to the
magnitude response of this filter, it can be seen that the low frequency spectral components
near the carrier are attenuated. This is a direct result of the low number of taps. Spectral
components are also evident beyond 10 GHz but are smaller than in the case for m(t) due
to a number of factors such as magnitude response of the tapped delay filter and more
importantly, roll-off of electrical components used to create the Hilbert signal. The
frequency components above 10 GHz were also attenuated after modulation since the 3 dB
spectral width of the PM was also around 8 GHz.
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5.3.3 System Layouts and Results

5.3.3.1 BNR III-V Module in DSB and SSB Design 3
Configurations

In the first set of experiments, a BNR III-V module which consisted of a DFB laser
and a MZ modulator integrated into one package was used as the source and modulating
device. Before the acquisition of the Lucent MZ modulator, this was the only dual arm MZ
modulator available with adequate electrical bandwidth. Thus, it had to be used in the first
DSB and SSB systems. The linewidth of the laser mounted in the module was
approximately 35 MHz. This linewidth posed a problem in the amount of FM-AM noise
generated at the receiver due to the interaction of the laser phase noise with the fiber
chromatic dispersion as seen in the simulated and later, experimental results. In addition,
the wavelength of operation of the laser was at 1555 nm which was not compatible with the
gain peak of the EDFAs at 1535 nm. However, because the laser and MZ modulator were

integrated into one module, an alternate laser source could not be used.

As a baseline measurement and for comparison results to the SSB system, the first
system tested was the conventional DSB system as shown in Figure 5.9. In this system,
the MZ was driven in a balanced mode so as to generate a chirp free optical DSB signal. In
this system, two EDFAs were cascaded at the transmitter and at the receiver. This was done
as a direct result of the reduced gain provided by each EDFA at the 1555 nm wavelength.
At 1555 nm, the gain provided by each EDFA was between 10 and 14 dB. By cascading
two EDFAs together, the combined optical gain reached 21 dB for EDFAs #1 and #2 and
17 dB for EDFAs #4 and #5. A variable optical attenuator (VOA) was inserted before the
receiver to adjust the amount of received optical power to facilitate measurements of the
BER as the received optical power varied. Further information on the parameters, insertion
losses and manufacturers of the optical components are listed in Appendix A. The index
numbers in Appendix A correspond to the number shown below each optical element in
Figure 5.9. The fiber segments are also comprised from the reels in Appendix A.

The electrical transmitter configuration for driving the DSB system is shown in
Figure 5.10. This is the layout which used the data provided by the output of the 4:1 MUX
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to create the data signals for the MZ modulator. Due to the BNR MZ modulator material
composition, the dc bias added to each arm had to be negative. Thus, the dc bias added to
the right arm of the BNR MZ modulator was -3.7 V while the dc bias added to the left arm
was -1.3 V. The MZ modulator also had different values of V, for each arm and thus,
different levels of attenuation were used to modify the peak to peak levels of the signals
driving the left and right arms of the MZ modulator.

Electrical
Transmitter

r'-"!-'l

X—) | MZ
i | Modulator

Optical Transmitter

BNR [II-V Module

EDFA EDFA

Optical Band Optical Band
»| Isolator M Pass Filter *N"’ Pass Filter
(n

4
(C)) @

Q Variable Optical

Fiber Segment Attenuator

JDS 7000

EDFA EDFA

Optical Band
— ISOlator "’M—» Pass Filter —"N—» WDM
) &)

i
0 @ )

»|Optical Band| | <> VAN
Pass Filter Optical Receiver

) BNR PIN Preamp

Figure 5.9 Optical DSB system using the BNR III-V module
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To implement the SSB design, the transmitter for the optical DSB system shown in
Figure 5.9 was modified by adding the PM as shown in Figure 5.11. The driving signals
for the modulators were also modified and the new electrical transmitter configuration is as
shown in Figure 5.12. In the SSB case, the output of the MZ modulator is optical DSB still
but the output of the PM is now optical SSB.

In this implementation of optical SSB, Design 3 was used for reasons as outlined in
Chapter 4. Some of these reasons included lower peak signal levels in the separate data and
Hilbert transform data signals which reduced the amount of saturation in electrical
amplifiers driving the modulators and the fact that combining four signals for a Hilbert
signal is easier than combining five for a combination of the original signal it’s Hilbert
transform. Design 2 would eventually be tested, however, it was recognized from the start

that Design 3 was easier to implement experimentally.

In the electrical transmitter layout shown in Figure 5.12, Q and Qbar were used first
to drive the MZ modulator in a push-pull manner to amplitude modulate the optical carrier
which generated the optical DSB signal at the output of the MZ modulator. This format was
similar to the DSB case, however, the MZ modulator was not driven to full extinction in
order to preserve the ability to equalize the signal post detection. Line stretchers were
required for each of these signals since the Q and Qbar signals at the output of the 4:1
MUX were not phase aligned. The Hilbert transform was approximated with a four tap
filter. The tap weights were implemented with broadband electrical attenuators. The delay
was implemented with segments of semi-rigid coax. The tapped delay signals were

summed with a broadband 4:1 combiner. The Hilbert signal was amplified with a linear
amplifier by a high output power capability which was adequate for the PMs V, of 8.9 V.

Electrical
Transmitter

I-"'l’—"l

<> MZ | Phase
Sz , Modulator | Modulator .

Optical Transmitter

UTP APE PM-1.5-1-1-C

BNR HI-V Module

Figure 5.11 Optical SSB transmitter using the BNR III-V module and the UTP PM
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After assembling the DSB and SSB optical transmitters, the optical output from
each design was directed to the optical spectrum analyzer to gain a measure of the degree of
single sideband that was created through the new design. The optical spectrum analyzer
design used for the first DSB and SSB configurations was the first spectrum analyzer

design shown in Figure S.1.

The first set of scanned optical spectra are shown in Figure 5.13 (a) and (b). Figure
5.13 (a) is the carrier with no modulation and Figure 5.13 (b) is the same carrier with DSB

modulation at full optical extinction.

*‘_"S‘\*&dw
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foSGHz fo fotSGHz
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(b)

Figure 5.13 Optical spectra for the carrier (a) without and (b) with DSB modulation
using the BNR III-V module (Linear vertical scale)

The second set of scanned optical spectra are shown in Figure 5.14 (a), (b) and (c).
Figure 5.14 (a) is the carrier again with no modulation, Figure 5.14 (b) is the same carrier
with DSB modulation at the same optical extinction level as the SSB case and Figure 5.14
(c) is the same carrier with SSB modulation. It is important to note that the optical
extinction level in the DSB case in Figure 5.13 (b) is at almost 100% where in Figure 5.14
(b), it is less at a value of approximately 60%. This is required to maintain the linearity of
the modulator and thus maintain the ability to equalize the SSB signal after long distances.

Comparing Figure 5.14 (b) and (c), it can be seen that by changing the modulation
from DSB to SSB, there is a shift in the spectral power from the lower sideband to the
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upper sideband. This can readily be achieved by disconnecting and reconnecting the input
to the PM in the SSB system. In the SSB case, there appears to be good sideband
cancellation, however, it is hard to tell how well the components in the fo+/-5 GHz to fo+/-
10 GHz region are canceled since they are below the noise floor. These high frequency
components of the baseband signal are significant when trying to combat the effects of
chromatic dispersion whether equalization is used or not. The problem with the optical
spectrum analyzer, as outlined in section 5.2, is that the vertical scale of the optical
spectrum is linear in Figures 5.13 and 5.14. Despite this, the SSB implementation with the
BNR HI-V module was found to be ineffective in terms of BER performance.
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(b) fo-5S GHz fo fo+5GHz

R . 04

(©) fo-SGHz fo fo+5GHz
Figure 5.14 Optical spectra for the carrier (a) without modulation, (b) with DSB
modulation and (c) with SSB modulation using the BNR [I-V module (Linear vert. scale)

For the DSB and SSB cases, the ineffectiveness of the BNR III-V module is shown
in the measured receiver sensitivity versus distance plots shown in Figure 5.15. The
receiver sensitivity is a measure of the required optical power at the input to the EDFAs at
the receiver to give a BER of 107 at the receiver. In this case, the EDFAs used at the

transmitter as well as the receiver were included in the measured BER as opposed to just
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the EDFA at the receiver as was done in the simulations of receiver sensitivity versus fiber
length in Chapter 4. This is unavoidable in the experimental case since the optical loss of
the fiber, which was neglected in the simulations for receiver sensitivity, must be
overcome. However, as long as the received optical power is not too low and the SNR
does not degrade too far, the ASE noise effects from the EDFAs prior to the EDFA used at
the receiver will be minimal. At the short fiber lengths, the transmitter EDFAs were not
needed to recover loss but were left in the link so that the receiver sensitivity measurements
for the different lengths could be compared.
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Figure 5.15 Receiver sensitivity versus fiber length for BNR HI-V module

In Figure 5.15, the SSB receiver sensitivity curve only extended to 50 km. Beyond
this distance, a BER floor worse than 10~ was measured. This BER floor was due to a
combination of eye closure and the FM-AM noise induced by the interaction of the laser
phase noise and the chromatic dispersion induced by the fiber. This noise floor could be
reduced by narrowing the linewidth of the laser. Another problem existed in both the SSB
and the DSB systems in that at fiber lengths approaching 150 km, there was not enough
optical power to recover from the fiber loss. This was primarily due to the fact that the
wavelength of the laser in the BNR II-V module was at approximately 1555 nm and the
gain peak of the EDFAs were around approximately 1535 nm. Thus, gain provided by the
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EDFAs was substantially lower than what was needed to maintain an acceptable BER.
During this implementation, only four EDFAs were available. Thus, it was obvious that a
separate laser and MZ modulator would have to be used to improve the system. The

linewidth and wavelength of the laser could then be optimized for the system.

To show the BER floor in the SSB system more effectively, the BER versus
received optical power for the SSB case at 75 km without equalization is shown in Figure
5.16. At this distance, a BER of 10~ could not be achieved for any amount of received

optical power.
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10 .32 27 22 -17
Received Optical Power (dBm)

Figure 5.16 BER versus received optical power for SSB case at 75 km with the
BNR III-V module and the UTP PM

5.3.3.2 Lucent Modulator in SSB Design 2 Configuration

To alleviate the problem of the linewidth of the laser and the mismatched

wavelength of the source within the BNR III-V module and the EDFA gain peak, a separate
MZ modulator was acquired. It was a Lucent dual arm LiNbO; external modulator with an

electrical bandwidth of 8 GHz. This facilitated the use of an independent laser source with a
linewidth of 3.8 MHz at a more beneficial wavelength of 1533 nm.
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The next design under test with the Lucent MZ was the configuration of Design 2.
The optical system for this SSB layout is shown in Figure 5.17.
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Figure 5.17 Optical SSB system using Lucent modulator in the Design 2 configuration

At this new wavelength of 1533 nm, the gain provided by each of the EDFAs was
in the range of 23 to 31 dB. This was more than 10 to 14 dB at 1555 nm. The full EDFA
parameters for each EDFA at the 1533 nm wavelength are given in Appendix A. At this
new wavelength, the EDFAs provided enough gain that they no longer had to be placed
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back to back as in Figure 5.9. It was expected that this design would reach 150 km so three
EDFAs were used in the link. Fiber segments ! and 2 consist of reels listed in Appendix A.

The electrical transmitter configuration for driving the MZ modulator for the SSB
system is shown in Figure 5.18. In this configuration, a five channel broadband combiner
was not available to combine the information signal plus the four taps to create the Hilbert
transform of the signal. Thus, Design 2 was implemented in a different configuration than
was suggested in Chapter 4. In the new implementation, a four to one combiner was used
to create the Hilbert signal. The Hilbert signal was then split and recombined with the
information driving each arm of the MZ through a resistive splitter. There were a couple of
inherent problems with using resistive splitters as combiners. One is that is there is a strong
reflected signal into each input arm. These reflections can be limited by putting attenuators
in each arm. This way, reflected signals are attenuated twice while the original information
signal is only attenuated once. The additional drawbacks of this type of implementation are
that electrical amplifiers are needed before the MZ to boost the signal to an appropriate level
to drive the MZ and that the reflected signals can still cause distortion of the transmitted
information. A further drawback of this design was the availability of linear amplifiers. The
choice of amplifiers to drive the MZ was restricted to the B&H amplifiers. These amplifiers

have a poor frequency response and thus they seriously degraded the transmitted signal.

When this system was tested, measurements showed that the received BER hit a
floor at an even shorter distance than the previous Design 3 using the BNR MZ modulator
and a PM. This was a result of the transmitted eye being even smaller in this case. This
smaller eye was a direct result of the frequency response of the electrical components at the
transmitter used to create the m(z) + m(t) and —m(t) + m(t) signals. In particular, the B&H
amplifiers used to boost the signals in order to drive the MZ modulator. Thus, with a
smaller eye, the effects of the FM-AM noise conversion were even more critical even in
light of a narrower linewidth source. As a result, the testing of this system configuration
was discontinued and the more successful implementation of Design 3 was continued with
the Lucent MZ modulator. In order to make Design 2 comparable to Design 3, two very
linear high power amplifiers would need to be purchased in order to properly amplify the
driving signals at the input to the modulator. Further, improvements in the method used to

create the driving signals would also be needed.
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5.3.3.3 Lucent Modulator in DSB and SSB Design 3
Configurations

After determining that Design 3 was the best SSB implementation to test
experimentally, Design 3 was assembled with Lucent MZ modulator, the PM and the DFB
laser with the 3.8 MHz laser linewidth. Once again, as a baseline measurement, the
conventional DSB system as shown in Figure 5.19 was tested. In the SSB case, four
EDFAs were required to cover the fiber loss and thus, for comparative purposes, four
EDFAs were used for the DSB system even though it required less than four to recover the
loss incurred by the fiber at certain distances. In these new systems, the wavelength of
operation of the laser was at 1533 nm which was compatible with the gain peak of the
EDFAs at around 1535 nm.

The VOA was again inserted before the receiver to adjust the amount of received
optical power to facilitate measurements of the BER as the received optical power varied.
The BPFs were strategically placed after each EDFA to limit the amount of ASE in the
optical link and so that the BPF with the narrowest optical bandwidth was closest to the
receiver. This way, the smallest amount of ASE noise would be incident on the
photodetector. A WDM was again used after the last EDFA to filter out any residual pump
left in the signal before photodetection. Fiber segments 1, 2 and 3 are again from the reels
listed in Appendix A.

The electrical transmitter configuration for driving the DSB system is shown in
Figure 5.20. The transmitter configuration for this DSB case was slightly different than the
previous DSB system tested. In this case, the Q and Qbar outputs from the 4:1 MUX are
used to drive the MZ modulator in a push pull manner as opposed to using just Q and a
pulse inverter. The Lucent MZ modulator had a specified V. of 4.4 V. This value of V,
was the same for both arms and thus the peak to peak values for the signals on each arm
were approximately the same. The receiver circuit and clocking circuits for both the DSB

and the SSB systems were the same as in the previous cases.
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Figure 5.19 Optical DSB system using the Lucent modulator
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To implement the SSB design, the transmitter for the optical DSB configuration
shown in Figure 5.19 was modified by adding the PM and a polarization rotator as shown
in Figure 5.21. In the SSB case, a polarization rotator had to be added between the MZ
modulator and the PM. Since the PM was polarization sensitive and the fiber pigtail on the
output of the Lucent MZ modulator was not polarization maintaining fiber, the polarization

rotator was required.

The driving signals for the modulators were also modified and the new electrical
transmitter configuration is as shown in Figure 5.22. In the SSB case, the output of the MZ
modulator is again optical DSB with the output of the PM is now optical SSB.

In the electrical transmitter layout shown in Figure 5.22, Q and Qbar were used first
to drive the MZ modulator in a push-pull manner to amplitude modulate the optical carrier
which generated the optical DSB signal at the output of the MZ modulator. This format was
similar to the DSB case, however, the MZ modulator was not driven to full extinction in
order to limit its operation to the linear range and preserve the ability to equalize the signal

post detection. The previous Hilbert transform circuit with four taps was used.

For some of the SSB tests, equalization in the form of microstrip was added at the
receiver. In these cases, the microstrip was added to the receiver circuit just following the
last Veritech amplifier and just before the bias tee which adds a dc offset to the signal
before it is applied to the D-FF as shown in Figure 5.5.

Electrical
Transmitter

MZ Polarization | y.| Phase
:Z <7 Modulator [  Rotator Modulator [

TR Labs Laser 96003  Lucent 2623C MZ UTP APE PM-1.5-8-1-1-C

Figure 5.21 Optical SSB transmitter using the Lucent modulator and UTP PM
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Using the first optical spectrum analyzer design, the scanned optical spectra for the
first set of scanned spectra are shown in Figure 5.23 (a) and (b). Figure 5.23 (a) is the
carrier with no modulation and Figure 5.23 (b) is the same carrier with DSB modulation at
full optical extinction.
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Figure 5.23 Optical spectra for the carrier with (a) no modulation and (b) with DSB
modulation using the Lucent modulator (Linear vertical scale)

The second set of scanned optical spectra are shown in Figure 5.24 (a) and (b).
Figure 5.24 (a) is the carrier with DSB modulation at the same optical extinction level as the
SSB case and Figure 5.24 (b) is the same carrier with SSB modulation. As in the SSB case
with the BNR III-V module, a shift in spectral power from the LSB to the USB occurs as
the optical signal is transformed from a DSB signal to a SSB signal.
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Figure 5.24 Optical spectra for the carrier with (a) DSB modulation and (b) SSB
modulation using the Lucent modulator (Linear vertical scale)
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The first optical spectrum analyzer design was useful in phase aligning the optical
and electrical signals entering the PM. Since the optical spectrum was continuously
displayed on the oscilloscope screen, the timing could be adjusted quickly. Critical to
making the transmitted signal optical SSB was the fact that the bits in the optical stream
entering the optical port of the PM had to be critically phase aligned with the corresponding
Hilbert transform of those bits entering the PM through the electrical port.

In order to gain a better measure of the level of sideband cancellation, especially in
the 5-10 GHz region away from the carrier, the second optical spectrum analyzer design
shown in Figure 5.2 was utilized. The measurement time on this analyzer was quite slow
(~5 minutes) because of the large amount of time required by the optical power meter to
make an accurate reading. In spite of this slow response time, this design provided the

ability to fine tune the timing and also show a larger dynamic range of the optical spectrum.

Figure 5.25 shows the optical spectra for three different cases as measured using
the FFP interferometer in the second design. Figure 5.25 (a) shows just the optical carrier,
(b) shows a regular DSB spectrum with the same modulation depth as the SSB case, and
(c) shows the SSB spectrum. Figure 5.25 (c) appears as a LSB, however, due to the
orientation of the applied voltage to the FFP, it is actually a USB. The laser used as the
source in these spectral plots had a linewidth of 3.8 MHz. Since this linewidth was much
smaller than the bandwidth of the FFP interferometer, the spectral shape of the carrier in (a)
is really the shape of the FFP filter response. Thus, the shape of the FFP filter partially
distorts the spectrums in (b) and (c) as well.
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Figure 5.25 Optical signal spectra for (a) carrier
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Figure 5.25 (continued) Optical signal spectra for (b) DSB and (c) SSB

Recognizing that the spectral shape of the FFP distorts the measured spectra of
information, the FFP spectrum, which is approximate to the carrier spectrum in Figure
5.25 (a), was deconvolved out of the spectra in Figures 5.25 (b) and (c) to give the more
realistic spectra in Figures 5.26 (a) and (b). The orientation of the USB in Figure 5.25 (c)
is corrected for, mathematically, in Figure 5.26 (b).
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Figure 5.26 Deconvolved optical signal spectra for DSB modulation
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Figure 5.26 (continued) Deconvolved optical signal spectra for SSB modulation

From Figure 5.26, it can be seen that the spectral components in the 5-8 GHz
region are better displayed with the second optical spectrum analyzer design than they were
in the plots provided by the first design. Beyond 8 GHz, the spectrum in Figure 5.26 (a)
and (b) is not well shown due to a combination of the roll-off of the information spectrum

and the spectrum being attenuated by the frequency response of the modulators.

It can also be seen in Figure 5.26 (b) that the SSB spectrum does not have a
completely canceled sideband. The sideband cancellation is close to 20 dB at some
frequencies which is fairly good, however, not perfect. This is due to a number of
nonidealities in the transmitter configuration. Since the sideband cancellation process is an
analog one, it is essential that the signal driving the PM is the Hilbert transform of the
optical signal entering the PM. As shown in section 4.3.6, this is never achieved with this
design. In addition, the signal source generating the 10 Gb/s data labeled as Q and Qbar is
nonideal. In the experiment, the signals m(t) and —m(t) driving the MZ modulator were
generated from the GaAs logic signals of Q and Qbar out of the 4:1 MUX. Q and Qbar out
of the 4:1 MUX are not the exact inverse of each other in terms of analog signals, even
though digitally they are the inverse of each other. More specifically, ripples and rise/fall
times of the bits in Q and Qbar do not match up. This results in imperfect sideband
cancellation since the signals used to generate the Hilbert transform and ultimately cancel
one of the sidebands are analog for this purpose. As will be shown later, this nonideal
signal source will prove to be one of the major limitations in extending the transmission

distance of this SSB system.
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The ripples in the magnitude spectra in Figure 5.26 are due to the nature of the
information signals. The 10 Gb/s data was created by multiplexing four 2.5 Gb/s data
channels. These ripples are a result of the multiplexing operation. The ripples are analogous

to the ripples shown in the electrical magnitude spectra of the data shown in Figure 5.7.

Figure 5.27 shows the experimental receiver sensitivity versus fiber length for a
BER of 10 for the conventional DSB case as well as the new optical SSB case
implementing Design 3 [72].
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Figure 5.27 Receiver sensitivity versus fiber length for the four EDFA link

From Figure 5.27 it can be seen that the DSB case was operating with a small
residual chirp on the MZ modulator thus allowing the DSB case to reach 150 km. It can
also be seen that the experimental optical SSB case degraded very rapidly at distances
greater than 170 km and a BER of 10~ could only be maintained to 200 km. It was
determined through simulation that this limitation in the SSB case arose from FM-AM noise
conversion generated by the interaction of the source linewidth and the fiber chromatic
dispersion with a partially closed eye. In the simulations, a laser with a 3.8 MHz linewidth
was used as the source, similar to the one used in the experiments. In the simulations, it

was determined that a BER floor worse than 10™ would be encountered for any distance
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longer than 200 km. The FM-AM noise conversion penalty can be substantially eliminated

if a source linewidth less than 1 MHz is used.

As a result of this limitation, the experimental optical SSB system could not be
thoroughly tested with an electrical equalizer. However, for a distance of 270 km, the BER
floor dropped from about 10 to 10? when the received optical power was -18 dBm and a
32 cm microstrip equalizer was added at the receiver. To show the nature of this BER
floor, the BER versus received optical power for the SSB case with microstrip equalization
at 270 km is shown in Figure 5.28.

Distances beyond 270 km could not be tested at the time since additional EDFAs,

isolators and BPFs were unavailable at the time to recover the loss incurred by the fiber.
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Figure 5.28 BER versus received optical power for SSB Design 3 at 270 km of fiber

and 32 cm of microstrip

To further show the effects of the FM-AM noise as a result of the interaction of the
laser phase noise with the chromatic dispersion incurred by the fiber, the BER versus
received optical power at a distance of 200 km with no microstrip equalization for source
linewidths of 3.8 MHz and 6.2 MHz are shown in Figure 5.29. The wavelength of each
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source is 1533 nm and the output power of each source is +5 dBm. Thus, the only major
difference between the lasers was their linewidths. From Figure 5.29, it can be seen that
the BER is generally worse when the laser with the 6.2 MHz linewidth is used as opposed
to when the laser with the 3.8 MHz linewidth is used.
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Figure 5.29 BER versus received optical power at 200 km with two different source
linewidths

To show the nature of the degradation of the DSB system beyond 150 km due to
chromatic dispersion, the measured eyes for the DSB case at distances of 0 km, 100 km
and 170 km are shown in Figure 5.30. To show the improvement that the SSB system
provides over the DSB system, the measured eyes for the SSB case at distances of O km,
120 km and 195 km are shown in Figure 5.31. These eyes were measured by a digital
oscilloscope measuring the signal at the input to the D-FF. These eyes include all of the
noise present in the system. This noise can be averaged out by acquiring a large number of
samples for each instant in time, however, this is hard to do over fiber lengths longer than
100 km since the effective length of the fiber changes and as a result, the received pattern
drifts in time. This change in effective length is a direct result of temperature fluctuations
along the fiber length. This drift becomes more pronounced with longer lengths of fiber.
Thus, some of the long distance eyes appear to be more closed and distorted than they
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actually are as a result of this temporal drift. Regardless, a degree of eye closure related to

the effects of chromatic dispersion is still dominant in these traces.

Figure 5.31 Experimental SSB eyes at (a) 0 km, (b) 120 km and (c) 195 km

To show the improvement that adding the 32 cm section of microstrip to the
receiverhas on the received eye, the measured eyes for the SSB case at a distance of 270
km with no equalizationand with equalization are shown in Figure 5.32. In the equalized
case, 32 cm of microstrip is added to the receiver circuit prior to the decision circuit. The
eyes are quite noisy as a result of the FM-AM noise but the improvement as a result of

the microstripis still visible.

Pictures of a 16 cm section of microstrip along with some of the other experimental
equipment such as the BERT set, the EDFAs, the fiber reels and the transmitter and

receiverelectronics are shownin Appendix B.

Figure 5.32 Experimental SSB eyes at 270 km for (a) unequalized and (b) equalized
using 32 cm microstrip
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In the experiment, an improvement in the received eye in terms of a noticeable
improvement in receiver sensitivity was not noticed at the receiver using a microstrip
equalizer until the fiber length reached 270 km. According to the ideal simulations shown in
Chapter 4, at any distance beyond approximately 200 km, an improvement should be
noticed. Upon further investigation of these results, it was determined that one of the
amplifiers used in the receiver circuit (Veritech VMA3K10C-232) had a phase response
similar to that for a 10 to 13 cm section of microstrip. In other words, the amplifier was
already providing an amount of equalization before any microstrip was added. Thus, a
benefit from additional microstrip was not seen until 270 km. At distances above 200 km
but below 270 km, equalization was provided by the amplifier. Beyond 270 km,
improvements as a result of adding microstrip could not be measured since the optical loss

incurred by the fiber could not be recovered with only four EDFAs.

The nonlinear phase response of this amplifier was measured with a network
analyzer. It is shown in Figure 5.33 along with the inverse phase response of 100 km of
fiber. Comparing the phase response of this amplifier to that of the fiber, it can be seen that
it has a nonlinear phase response similar to that of the microstrip which is specifically
designed for equalizing the effects induced by the fiber. Thus, a certain amount of
equalization is always present in this SSB system. As for the DSB system, the nonlinear
phase response of the amplifier only degrades the quality of the received signal.
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Figure 5.33 Phase response of the Veritech (VMA3K10C-232) amplifier and
100 km of standard single mode fiber
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Recognizing through experiments and simulation that the major impediments to
extending the transmission distance was the linewidth of the laser, a new laser from
Photonetics was brought in and tested. In the previous system, the laser linewidth at 3.8
MHz was the major reason why the system hit a BER floor beyond 200 km. To solve this
problem, a tunable laser source with a linewidth of 150 kHz was used for the next set of
experiments. Since the new source was tunable, its wavelength of operation was set at

1533 nm to take advantage of the improved gain of the EDFAs at this wavelength.

It was also determined through simulation that this new system with the new laser
should be able to transmit just over 300 km with a BER better than 107°. However, in
order to achieve this distance, more than four EDFAs would be needed in the link. To meet
this requirement, four additional EDFAs were built. The parameters for these additional
EDFAs are also shown in Appendix A.

Using the new tunable laser and three of the new EDFAs, a new successful
experiment was demonstrated. With the implementation of the new equipment, 10 Gb/s
data was transmitted up to 320 km with a BER better than 107'°. The setup for this
experiment is shown in Figure 5.34. Figure 5.34 shows the 320 km link with six EDFAs.
The fiber length between each EDFA varied between 75 km and 50 km, however, due to
the differing losses of each fiber reel, the link loss between each EDFA was approximately
the same. Again, Design 3 was used as the optical SSB transmitter configuration. A picture

of the entire system is shown in Figure B.4 in Appendix B.

In Figure 5.34, the number under each isolator, EDFA and BPF corresponds to the
number used for each element listed in Appendix A. Further, the average optical power at
various points in the system is shown with a dashed line and an arrow. This power was
measured with an optical power meter. It is essential to this system’s successful operation
that the optical power at any point in the fiber not be above +9 dBm in order to avoid
serious implications from self phase modulation or other forms of nonlinear distortion [73].
In standard single mode fiber, the refractive index can change as the optical power becomes
large. Thus, information within a pulse at a high optical power can travel at a different
velocity than information within a pulse at a lower power. As can be seen in Figure 5.34,

the average optical power at any point along the fiber is not higher than +7 dBm.
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To gain a measure of the effects of chromatic dispersion using the new source, a
plot of receiver sensitivity versus fiber length is shown in Figure 5.35 for the DSB and
SSB cases. In each case, all six EDFAs were left in the link to isolate the effects of
chromatic dispersion. Again, to test the shorter distances, fiber links were replaced with
optical attenuation to keep the amount of ASE noise constant at the receiver. In Figure
5.35, three plots are shown, SSB without equalization, SSB with equalization and DSB.
For equalization in the SSB case, sections of microstrip were used. In the DSB case, the
optical extinction ratio was increased over the SSB case as in the previous system using the
3.8 MHz linewidth source. The pattern length of the 2.5 Gb/s PR sequence was 2'° -1 so
the length of the 10 Gb/s PR sequence was 2'> —4. Longer pattern lengths were tested in
the new system but this was the longest pattern length that would give acceptable BERs.
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5 5 o
:;‘ .-,...- '&.
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g —0o— DSB
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2 - SSB without equalization
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0 50 100 150 200 250 300 350
Fiber Length (km)

Figure 5.35 Receiver sensitivity versus fiber length for six EDFA link

From Figure 5.35, it can be seen that the DSB case can only extend to
approximately 150 km. Beyond this distance, the eye closes. In addition, the receiver
sensitivity at 0 km is -31.8 dBm which is slightly higher than the -32.5 dBm value
measured in the previous system with four EDFAs. This is a direct result of using two
more EDFAs in the new system. In the SSB case, the plot without equalization extends to
approximately 270 km before the eye closes so much that the BER is something worse than
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107°. In the SSB case with equalization, the transmission length can be extended to 320
km at a BER of 107 after which the eye closes to a point where the BER can no longer

reach 10™° no matter how high the received optical power is.

The slight improvement in the receiver sensitivity of the SSB curves at 50 km over
the value at 0 km is a result of the phase response of the Veritech amplifier used at the
receiver. As was alluded to earlier, the phase response of this amplifier is similar to

approximately 10-13 cm of microstrip and thus supplies a certain amount of equalization.

The degradation of the receiver sensitivity beyond 250 km in the equalized SSB
case is a result of a number of nonidealities of which the main one is the nonideal signal
source. As was previously mentioned, sideband cancellation is limited due to the lack of
similarity between Q and Qbar. The frequency responses of the transmitter and receiver

electronics, especially the microstrip equalizer, play a role in this degradation as well.

To demonstrate how the BER changes as a function of the received power, plots are
shown for the distances of 0 km, 100 km, 210 km and 320 km in Figure 5.36. The 210 km
system has 8 cm of microstrip in the receiver circuit while the 320 km system has 32 cm of

microstrip in the receiver circuit.
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Figure 5.36 BER versus received optical power for fiber lengths of 0 km, 100 km, 210
km with 8 cm microstrip and 320 km with 32 cm microstrip equalization for six EDFAs
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As can be seen from Figure 5.36, as the received power decreases, the BER
becomes worse. This is a direct result of the degradation of the SNR. In optical systems of
this type, when the received power decreases, the system becomes more and more

dominated by receiver noise.

Figure 5.37 shows the BER versus received optical power for the SSB case at 270
km with and without microstrip equalization. As can be seen from Figure 5.37, adding the
24 cm of microstrip equalization at the receiver improves the BER. The microstrip equalizer
does not reduce the total amount of noise but rather opens the received eye further thus

improving the received SNR.
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~~=-Q-—-  With 24 cm microstrip equalization
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Figure 5.37 BER versus received optical power for 270 km with and without 24 cm
microstrip equalization for six EDFAs

To further demonstrate the effect that the microstrip has on opening the received eye
and improving the received BER, BER versus microstrip length is plotted for three
distances of 305 km, 320 km and 330 km and shown in Figure 5.38.

From Figure 5.38, it can be seen that there is an optimal amount of microstrip that
should be used for each fiber length in order to maximize the eye opening and received
BER. The received BER is not extremely sensitive to the length of microstrip used for
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equalization (i.e. +/- 1 cm), however, extreme changes in the microstrip leagth (i.e. +/- 30

cm) will eventually degrade the system’s performance.

0
10

BER

10 o 10 20 30 40 50 60
Microstrip Length (cm)

Figure 5.38 BER versus microstrip length for an optical SSB system with six EDFAs in
the link

Figure 5.38 also shows the BER floor reached at 330 km. The best achievable BER
at 330 km was around 107°. As previously mentioned, this experimental system could not

transmit 10 Gb/s beyond 320 km with a BER of 107'° or better.

As a further measure of performance of the DSB and SSB systems, eye diagrams
of the received signal were measured with a digital oscilloscope. The time acquired eyes
were sampled for a number of different distances. The eyes were measured with the noise
sources. As was mentioned previously, this noise is hard to average out of the plot,
especially at longer fiber lengths, due the timing drift of the received sequence as a result of
temperature fluctuations along the length of the fiber. Some of the eyes acquired for the
longer fiber lengths are slightly corrupted by this drift, however, the improvements
obtained by using an optical SSB system with equalization over a conventional DSB
system without optical equalization are clearly demonstrated.
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The measured eyes for the DSB case at fiber lengths of O km, 100 km and 175 km

are shown in Figure 5.39.

8 FEF G
SR E

Figure 5.39 Experimental DSB eyes at fiber lengths of (a) 0 km, (b) 100 km and
(c) 175 km

The measured eyes forthe SSB case at fiber lengths of 0 km, 100 km and 175 km

without microstrip equalization are shown in Figure 5.40.

P

(2)
Figure 5.40 Experimental SSB eyes at fiber lengths of (a) 0 km, (b) 100 km and

() 175 km

The measured eyes for the SSB case at fiber lengths of 210 km, 270 km and 320

km with microstrip equalizers of length 8 cm, 24 cm and 32 cm respectively are shown

in Figure 5.41.

5% (0) 2
Figure 541 Experimental SSB eyes at fiber lengths of (a) 210 km with 8 cm microstrip,
(b) 270 km with 24 cm microstrip and (c) 320 km with 32 cm microstrip

While the previous eyes are of signals which would give BER as good or better
than 107, the next set of eyes are representative of signals which gave BER worse than
10~ The measured eyes for the SSB case at distances of 270 km without equalization,
270 km with the old source linewidth of 3.8 MHz with 24 cm microstrip and 330 km with
32 cm microstrip are shown in Figure 5.42. These eyes were acquired to demonstrate the
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degraded system performance when either no equalization is used, a large laser linewidth
or at a fiber length beyond equalization.

Figure 5.42 Experimental SSB eyes at fiber lengths of (a) 270 km with no equalization
(b) 270 km with 24 cm microstrip with the old source linewidth of 3.8 MHz and
(c) 330 km with 32 cm microstrip

5.3.4 Comparison of Simulated and Experimental Results

In order to gain a better understanding of the limitations of the SSB system that
was tested in the lab,in particularDesign 3, a more detailed and accurate simulation of the
system was carried out as compared to the simulationsof the idealsystems in Chapter 4. In
the new simulatiors, the models and parameters from the Design 3 simulation presented in
Chapter 4 were modified and the frequency response of a number of critical electrical
components was included in simulationto more accuratelymodel the real experiment. This
provided insight into what modifications could be made to the experimentd system in

order to improve its performance.

In the simulation of the experimental system, a number of changes were made to
the idealsystem. First, the idealpseudo-random bit sequence at the input to the transmitter
was replaced with the time acquired data traces out of the Veritech dual channel amplifier
(VMI10CMD-320). These signals represented the actual Q and Qbar signals which would
ultimately drive the MZ and the Hilbert transform circuit. These data signals were then
filtered through the frequency responsesof a Picosecond Pulse Labs bias tee (5575A) and
the Lucentmodulatorleft and right arms before driving the MZ. Ir addition, these signals
were applied to the Hilbert transform circuit where the Hilbert signal was passed through
the frequency responses of the Veritechhigh power amplifier(VMPPA-428), the Merrimac
4:1 combiner (PDM-45R-9.2G) and a Picosecond Pulse Labs DC block (5500A) before
driving the UTP PM. This was the most accurate representation of the transmitter

configurationand thus the most accurate simulation of the transmitted optical electricfield.
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At the receiver, the detected optical signal was passed through the frequency
responses of the BNR PIN-Preamp, the SHF amplifier (SHF90P), the Veritech amplifier
(VMA3K10C-232) and a Picosecond Pulse Labs DC block (5500A) before determining the
optimal decision time and threshold thus giving the BER of the received data.

Making these changes to the ideal system allowed simulation of Design 3 for the
two experimental systems of Design 3. The major differences between these two systems
was the laser linewidth and the optical link parameters such as the component loss and the
EDFA parameters. Four EDFAs were used in the first system with the 3.8 MHz linewidth

source and six were used in the second with the 150 kHz linewidth source.

As a first measure of performance, the received eyes of the simulated experimental
system were plotted. The eyes were simulated for the three cases, DSB, SSB without
equalization and SSB with equalization. For the simulated eyes, the noise was not included

in the plots.

The simulated eyes for the DSB case at fiber lengths of O km, 100 km and 175 km

are shown in Figure 5.43.

Figure 5.43 Simulated DSB eyes at fiber lengths of (a) 0 km, (b) 100 km and
(c) 175 km

The simulated eyes for the SSB case at fiber lengths of 0 km, 100 km and 175 km

without microstrip equalization are shown in Figure 5.44.
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Figure 5.44 Simulated SSB eyes at fiber lengths of (a) 0 km, (b) 100 km and (c) 175 km
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The simulated eyes for the SSB case at fiber lengths of 210 km, 270 km and 320
km with microstrips of length 8 cm, 24 cm and 32 cm respectively are shown in Figure
5.45.

Figure 5.45 Simulated SSB eyes at fiber lengths of (a) 210 km with 8 cm microstrip, (b)
270 km with 24 cm microstrip and (c) 320 km with 32 cm microstrip

Comparing the simulated eyes in Figures 5.43 through 5.45 to the experimental
eyes in Figures 5.39 to 5.41, it can be seen that the simulated eyes follow the same general
trend as the corresponding experimental eyes. The DSB eye closes beyond 150 km while
the SSB eye at the same distance is still open. Further, the SSB eye at 320 km is still
discernible if equalization is used. The major difference between the experimental and

simulated eyes is that the experimental eyes have noise while the simulated eyes do not.

As a further measure of performance, the received eyes of the simulated system for
the SSB case at distances of 270 km without equalization and 330 km with 32 cm of
microstrip are shown in Figure 5.46. These eyes can be compared to the experimental ones

shown in Figure 5.42.

Figure 5.46 Simulated SSB eyes at fiber lengths of (a) 270 km with no equalization (b)
330 km with 32 cm microstrip

The simulated frequency spectrums for the DSB and SSB optical systems are
shown in Figure 5.47. In these plots, the vertical scale is linear and, as such, the carrier is
removed to better show the spectral side lobes. As a result of these spectra being simulated

and not experimentally measured, the system is not subjected to noise and thus the spectral
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content beyond 10 GHz is clearly visible. The spectral spikes shown in these plots are
analogous to the spikes in the plots in Figures 5.7 and 5.8.

 —
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Figure 5.47 Simulated DSB and SSB optical spectra

Adding the EDFAs to the link, the receiver sensitivity versus received optical power
can be simulated and compared to the experimental results. The first system tested is the
first implementation of Design 3 where the laser with the 3.8 MHz linewidth is used and
four EDFAs are used in the link. The EDFAs used in the simulation correspond to those
shown in Figure 5.19. In this system, the first four EDFAs built at TR Labs were used.
Their parameters are shown in Appendix A. The simulated and experimental plots for the
receiver sensitivity versus fiber length are shown in Figure 5.48. The experimental plot is
the same information as was shown in Figure 5.27. In this SSB system, no equalization
was used since the system hit a BER floor beyond 200 km due to the FM to AM noise.
Equalization was not an issue at distances less than 200 km. Again, the receiver sensitivity
is the required optical power at the input to the receiver EDFA needed to maintain a BER of

10~° at the receiver.

In Figure 5.49, the receiver sensitivity versus fiber length is shown for the second
case of Design 3 where the laser with the 150 kHz linewidth was used and six EDFAs were
used in the link. The EDFA placement in the system correspond to those shown in Figure

5.34. The parameters for the EDFAs are also shown in Appendix A.
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Figure 5.49 Receiver sensitivity versus fiber length for the experimental and the

simulated optical SSB system with six EDFAs
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From Figures 5.48 and 5.49, it can be seen that the simulated system performs
closely to the experimental system. The differences lie in a few areas. One is that not all of
the frequency responses of components in the receiver have been included in the
simulation. For example, the transmission path connecting the input of the D-FF used for
the decision circuit is slightly mismatched to the actual chip. This is suspected of causing
slight problems. Another area of inconsistency lies in the fact that the amplitude and phase
response of the modulators can never be separated from the detector’s frequency response
since there is the optical medium between the two. Another area of inconsistency is the
optical connector loss. It is assumed to be negligible or a fixed value in the simulations,
however, in the experiment, it changes every time a connection is broken and reconnected.
Connections were broken frequently during the experiment in order to measure the optical
power at various points in the optical link. A last area of inconsistency lies in the fact that
the simulated system measures the BER always at an optimal decision time and threshold
while the experimental case is dependent on a manual adjustment of the decision time and
threshold level. These values were optimized in the experiment but are known to drift over

time.

Based on the previous comparison of simulated and experimental results, it can be
concluded that if enough detail is added to the simulation, the experimental system can be

accurately represented.

Using this simulation capability, a better understanding of where improvements
could be made in the experimental system was sought. In order to do this, simulations of
the nonideal components in the experiment were isolated within the system to determine
which nonidealities had the most significant impact on the system’s performance. More
specifically, the ideal system as shown in Chapter 4 was subjected, independently, to
nonideal components to determine which ones had the most negative impact on the
system’s performance. The ideal system under test consisted of the Design 3 configuration
outlined in Chapter 4 with an EDFA cascade of 13 units that covered 540 km of fiber.

In the simulations, the individual effects of four major items were measured: the

nonideal source laser linewidth of 4 MHz, the microstrip equalizer, the frequency
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responses of the electrical components at the transmitter and the receiver, and the nonideal

signal source out of the BERT set.

In the system, the link EDFAs in the cascade were modeled with an output

saturation power F;,r of 5 dBm, a spontaneous noise factor Ngp of 1.73 and a small

signal gain G, of 25 dB. The EDFA post-amplifier used at the transmitter had an output

saturation power of 7 dBm, a small signal gain of 15 dB and a spontaneous noise factor of

1.73. The EDFAs were separated by 45 km sections of normal single mode fiber. As a

result, the optical loss per stage was 17 dB (11 dB fiber loss, 2 dB splice loss and 4 dB

insertion loss due to an isolator at the input of the EDFA and an optical BPF at the output of
the EDFA). The received BER versus launched optical power out of the EDFA post-

amplifier is shown in Figure 5.50. Each plot is representative of the ideal system with one

nonideal component added.
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100 To B
o —— Ideal Components ‘\n\
m 4 MHz Laser Linewidth
1(-)20 - Microstrip Equalizer
Tx/Rx Components
Nonideal Signal Source
10" 20 10 5 0 5 10

Launched optical power into the fiber (dBm)

Figure 5.50 BER versus launched optical power into the fiber for the ideal system
with nonideal components at 540 km with 45 km EDFA spacings

From Figure 5.50 it can be seen that the laser source linewidth of 4 MHz had the

most negative impact on the system. The nonideal signaling source had the second most

negative impact on the system. The frequency responses of the transmitter and receiver
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components along with the microstrip equalizer had the next most negative impact on the
system. In the case of the microstrip, an 80 cm long section was used to equalize the 540
km section of fiber. In the experiments, the source linewidth was reduced to 150 kHz
which eliminated it as the bottleneck in the system. Improving the signal source is now the
component with the most negative impact on the system. By matching the rise/fall
characteristics and the corresponding ripples in the Q and Qbar signals, the impact of the
nonideal signal source can be reduced, if the quality of the signal source were improved,
transmission up to 400 km with a BER better than 107'° should be possible. To extend the
distance beyond 400 km, the equalizer would have to be redesigned. The microstrip could
be replaced with a tapped delay filter. The tapped delay filter could provide a better match to
the inverse phase function of the fiber since the tap weights could be adjusted. Further, the
tap delay filter would not have to be subject to frequency dependent attenuation which is

seriously detrimental in long sections of microstrip.

As a last comparison of simulated versus experimental results, the simulated and
experimental loss and phase delay of the microstrip at 10 GHz are shown. In Figure 5.51,
the attenuation versus microstrip length for both the simulated and experimental case at 10

GHz is shown.
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Figure 5.51 Attenuation versus microstrip length at 10 GHz
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The attenuation in the microstrip is frequency dependent. For example, at 0 Hz, the
microstrip has effectively no attenuation while at 10 GHz it is maximum over the O to 10
GHz range. This frequency dependent attenuation proved to be a critical limiting element in
the ability of the microstrip to equalize long lengths of fiber. The equations used to model

the microstrip are shown in section 4.1 in equations 4.8 to 4.19.

From Figure 5.51, it can be seen that the attenuation coefficient o chosen for the
simulations was too small. Additional loss from the connection between the SMA
connector and the microstrip was also a factor. The connector loss could be excessively

large in the 48 cm long section of microstrip as is evident in Figure 5.51.

Figure 5.52 shows the phase delay provided from the microstrip at 10 GHz for the
actual and simulated versions of microstrip. The phase response of the simulated and
experimental microstrip is of a second order nature. Thus, the phase difference between the
simulated and experimental microstrip is different for each frequency. The largest

difference, which is at 10 GHz, was chosen as the measured parameter.
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Figure 5.52 Phase delay versus microstrip length at 10 GHz

In Figure 5.52, it can be seen that the amount of phase delay in the simulated case is
larger than the actual case. Thus, the amount of phase correction provided by the modeled

microstrip was overestimated. This means that for a given fiber length, more microstrip is

177



Chapter 5 Digital Optical Single Sideband Experimental Results

needed than expected for equalization. For example, to equalize 100 km of fiber, 12 cm of
microstrip is needed as opposed to 9 cm which was used in simulation. The negative
implications of this are that more attenuation from the microstrip will result when equalizing
a given length of fiber. Overall, the result of more attenuation from more microstrip leads to
the conclusion that the microstrip will eventually have to be replaced with some other form

of equalization if fiber lengths longer than 400 km are to be experimentally demonstrated.

5.4 Experiments at Nortel

After the completion of the tests at TR Labs in Edmonton, additional experiments
were organized at Nortel’s Skyline lab in Ottawa. In these experiments, the first goal was
to demonstrate the operation of the optical SSB system using the Design 3 transmitter
configuration consisting of a MZ modulator and the concatenated PM. The second goal of
the experiments was to try and improve upon the maximum transmitted distance of the
optical SSB system. At TR Labs, the maximum transmission distance was 320 km. There
were a number of experimental nonidealities which limited the effective operating distance
as was shown in the previous section. One of the major ones was the nonideal signal
source. The mismatch between the Q and Qbar signals at the output of the 4:1 MUX was
fairly significant. Improved quality of Q and Qbar was expected at the Nortel site by using
an Anritsu MP1763B 12.5 Gb/s pattern generator. According to simulation, an
improvement in the signal source should extend the effective operating distance beyond 320

km.

The optical SSR transmitter layout used at Nortel is shown in Figure 5.22. There
were two differences between the transmitter setup at TR Labs and the one setup at Nortel.
The first difference was that the 10 Gb/s data signals of Q and Qbar for the Nortel
experiment were generated directly from the Anritsu pattern generator. The second
difference was that the Lucent MZ modulator was replaced. A Lucent MZ modulator with
the same model number was used in the Nortel experiments. The reason for this change
was the original MZ modulator was slightly damaged subsequent to the last experiment
carried out at TR Labs.

Using the optical spectrum analyzer layout shown in Figure 5.2, the optical spectra
at the output of the PM were measured. The measured spectra of the DSB and SSB
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modulation formats were again deconvolved with the measured spectra of the carrier. The
deconvolution process removed the frequency response of the FFP from the measured
spectra. Figure 5.54 (a) shows the experimental DSB spectrum with the same modulation
depth as the SSB case and (b) shows the experimental SSB spectrum.
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Figure 5.53 Optical signal spectra for (a) DSB and (b) SSB

From Figure 5.53 (a), it can be seen that the information sidebands in the DSB case
are more continuous and have less ripples than the sidebands measured at TR Labs shown
in Figure 5.26 (a). This difference is due to the fact that the 10 Gb/s data at Nortel was

created directly from a pattern generator and was not a multiplexed version of four 2.5 Gb/s

channels.

Comparing Figure 5.53 (b) with (a), it can be seen that there is significant sideband
cancellation. Further, it can be seen that the Hilbert transform filter, which is comprised of

a four tap delay filter, creates it’s own ripples in the optical SSB magnitude spectrum.

The optical SSB transmitter was connected to a full optical system and the

performance of the system was measured for a number of different fiber lengths. For each
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fiber length, the span between EDFAs varied between 60 to 80 km. The 290 km system is
shown in Figure 5.54.
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Figure 5.54 Nortel 290 km optical SSB system

In all of the experiments at Nortel, the source laser was a tunable narrow linewidth
source. The linewidth was 80 kHz and the chosen wavelength of operation was 1549 nm to
be compatible with OCA bandpass filters which had a fixed passband wavelength. As
previously mentioned, the transmitter configuration was the same as shown in Figure 5.22.
The receiver used in the experiments was the Nortel OC-192 receiver module. This receiver
module had the optical signal as an input and provided a 1:N demultiplexed output channel.
Due to the 2N — 1 pattern length of the PR sequence created by the pattern generator, the
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demultiplexed channel could be sent to the Anritsu error detector and an accurate
representation of the BER on the 10 Gb/s data would be measured and displayed.

The Nortel receiver circuit handled all of the required receiver functions. The
variations in the received optical power were compensated for by an adaptive gain circuit.
Functions handled on board included the clock recovery required for the decision circuit,
the optimal decision time, and optimal threshold level. These decision levels were

continuously updated based on any changes in the received optical signal.

BER versus received optical power at the input to the receiver module for fiber
lengths of O km, 155 km, 215 km and 290 km are shown in Figure 5.55. The distances of
0 km, 155 km and 215 km are for the optical SSB system without equalization. The 290
km system had 24 cm of microstrip equalization.

The 0 km system used only one EDFA, the 155 km system used a 80 km and a 75
km fiber segment along with three EDFAs, the 215 km system used 80 km, 75 km and 60
km fiber segments with four EDFAs, and the 290 km system was as shown in Figure 5.54
with five EDFAs.

—3— Okm
A e 155 km
e 215km
A,
« o N o 290 km (eq)
m “‘ -~ \A‘\
“o.._. Bep
o -
o S
~o. 2N
RN
? A
-10 1 T T T
10 99 -18 -16 -14 -12 -10

Received Optical Power (dBm)

Figure 5.55 BER versus received optical power for SSB systems at 0, 155, 215 and 290

km (with 24 cm microstrip equalization)

181



Chapter 5 Digital Optical Single Sideband Experimental Results

From Figure 5.55, it can be seen that the threshold for a BER in the neighborhood
of 107 js -17.5 dBm for the optical SSB system operating back to back. This value was

close to the expected value for the SSB transmitter in conjunction with the Nortel receiver.

It can also be seen that the nonequalized limit on transmission distance for the SSB
system is around 215 km. This value is lower than the nonequalized limit of 270 km in the
latest TR Labs experiments. This is directly due to the Veritech amplifier (VMA3K10C-
232) which was used in the TR Labs receiver circuit. As was shown in Figures 5.33, this
amplifier provided compensation for approximately 100 km of fiber. For the equalized case
at 290 km, the BER versus received power hit a floor near 2x107'°. Increasing the
received power beyond -11 dBm had little effect on shifting operation into an error free

zone. This is due to a combination of eye closure and system noise before the receiver.

Initial expectations of the experiments at Nortel were that the successful
transmission distance of 320 km established at TR Labs would be surpassed. It was
expected that the Anritsu pattern generator would provide better quality Q and Qbar data
signals than was provided by the 4:1 MUX used at TR Labs. As it turned out, the overall
performance of the system at Nortel was comparable to the TR Labs system but not better.
This can be seen in comparing the receiver sensitivity penalty of the 290 km length to the O
km length. The penalty in both the Nortel experiment and the TR Labs experiment was
around 7 dB.

This lack of improvement is attributable to a number of reasons. First, even though
the quality of the data out of the Anritsu pattern generator was better than the data out of the
4:1 MUX, it still had ripples in the logic levels. It can never be expected that actual 10 Gb/s
data will be as good as an ideally simulated sequence on a computer. Second, the optical
link was less than optimal. Connecting the EDFAs located in one bay to the fiber reels in
another bay required the use of specific patchcords. Some of these patchcords had losses as
high as 3 dB. Depending on where these losses occur in the link, the loss can have minimal
effect in the received optical power, however, the SNR is still degraded. Third and finally,
the Veritech amplifier which provided the equalization at the receiver at TR Labs worked
better than a section of microstrip since the amplifier had a fairly flat magnitude response

while the microstrip had a substantial frequency dependent attenuation.
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One additional problem that occurred at the Nortel site, but was eventually
controlled, was the drift in polarization of the light entering the MZ modulator and the PM.
Polarization rotators were used at the input to each modulator but this served to optimize the
polarization instantaneously. After a period of a few hours, the polarization of the light into

the modulators drifted and the polarization rotators had to be reset.

This polarization drift had two effects. First, the electro-optic effect of the
modulator was diminished. This reduced the modulation depth in the MZ modulator and the
level of sideband cancellation in the PM. As the modulation depth decreased and the optical
signal became more DSB, the system’s performance at distances beyond 150 km seriously
fluctuated. Second, the insertion loss of the modulator also changed with the change in
polarization of the light entering the modulator. This translated to changes in the transmitted
power and thus affected the received BER. The polarization was primarily stabilized with
the introduction of a HP 11896A polarization controller before the MZ modulator,

however, the polarization into the PM still had to be retuned every few hours.

A measurement was made of the optical SSB system’s dependence on pattern
length. The pattern length for the BER curves shown in Figure 5.55 was 27 —1. Figure
5.56 shows BER versus pattern length for the 290 km link with a received power of -11
dBm.

-6
10

-10 T T T T T
10 5 10 15 20 25 30 35

Pattern Length (2" - 1)

Figure 5.56 BER versus pattern length for the optical SSB system at 290 km
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From Figure 5.56, it can be seen that there is a dependence on the pattern length.
This dependence is more prominent at longer fiber lengths since sideband cancellation was
more important. Further, the Merrimac 4:1 combiner used in creating the Hilbert transform
had a low frequency cutoff at 170 MHz. This limited certain lower frequencies from
propagating through the Hilbert transform circuit.

As a verification that the pattern length dependence was a result of the Hilbert path,
the Hilbert signal into the PM was disconnected and a conventional DSB system over 80
km of fiber was tested for pattern dependence. Measurements showed that this DSB system
had no visible pattern length dependence over the pattern length range of 27 —1to 23' —1.
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6. CONCLUSION

6.1 Conclusion

There were four main objectives of the research described in this thesis. The first
objective was to review the previously published approaches which have been either
developed or proposed to reverse or limit the effects of chromatic dispersion in standard
single mode fiber in the 1.55 pm wavelength region. Focus was given to digital systems at
the OC-192 data rate. The second objective was to develop a new method or technique
which could be used in baseband digital optical systems which would reverse or limit the
effects of chromatic dispersion. In this case, the new method was SSB modulation of an
optical carrier with a digital signal. The third objective was to simulate this technique by
modeling the optical SSB system on a computer and verify that the new technique was
effective. The fourth and final objective was to build and test this new optical SSB system

in the lab and verify experimentally the effectiveness of the new technique.

In Chapter 2, a brief review on the background of the problems created by
chromatic dispersion in standard single mode fiber was presented. As well, the previous
approaches used to reverse or limit the effects of chromatic dispersion were reviewed.
These approaches fell into three general categories. The first categery consisted of
techniques which used equalization in the optical domain. In these approaches, optical
elements with the inverse phase characteristic of the fiber were used to reverse the effects of
the chromatic dispersion incurred by the fiber. Some typical optical elements included
chirped Bragg gratings and dispersion compensating fiber. Prechirping the optical signal
with an external modulator also offered a small amount of optical compensation. The
second category consisted of techniques which used post detection equalization. In these

approaches, equalization was implemented with an electrical component after the light was
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detected. Some typical electrical elements were microstrip lines and microwave
waveguides. Electrical equalization could not be used on conventional optical DSB
transmission with self-homodyne detection because of the destruction of the phase
information upon detection. Thus, electrical equalization had to be used with alternate
transmission or detection formats such as heterodyne detection. The third and final category
consisted of techniques which modified the transmission format of the information such
that the required optical transmission bandwidth used to transmit the information was
reduced. By reducing this effective bandwidth, the transmission distance could be partially
extended. Some typical formats include multilevel transmission and AM-PSK duobinary

transmission.

The second objective of this research was to try to develop a new method or
technique which could be used in baseband digital optical systems which would reverse or
limit the effects of chromatic dispersion. SSB systems were shown to be candidates for
dispersion compensation. Chapter 3 presented a theoretical derivation and analysis of a
number of optical SSB modulation systems that could be used in a digital transmission
system. Three different transmission designs were outlined in this chapter of which two
were shown to be superior candidates for experimental implementation. In order to create a
SSB signal, the Hilbert transform of the original information had to be derived. A number
of different methods for generating a Hilbert transform signal were presented. The tapped

delay approach with four taps was selected as the best experimental implementation.

In Chapter 4, simulation results of the new optical SSB systems were presented.
The performance of these systems in terms of extending the transmission distance of the
OC-192 data rate on standard single mode fiber was the focus. Simulations were performed
for ideally modeled components. From these simulations, it was determined that the new
optical SSB system could offer an improvement over a conventional optical DSB system.
The new optical SSB system was optimized in terms of transmission parameters and link
conditions. The equalization, which was done post detection, would be implemented with
sections of microstrip. The microstrip was also modeled. Based on the simulations, the
optical SSB system showed the ability to equalize the dispersion induced by almost any
length of fiber as long as the one sideband was effectively canceled and the inverse fiber

transfer function could be accurately represented with an electrical component.
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Experimental limitations such as FM-AM noise, improper sideband cancellation and
nonideal equalization post detection were recognized in the simulations.

Chapter 5 presented the experimental results of the tested optical SSB systems.
Again, performance of these systems in terms of extending the transmission distance of the
OC-192 data rate was the focus. In these experiments, 10 Gb/s data was transmitted over
320 km of fiber with a BER better than 107'°. Transmission beyond 320 km was not
possible without reaching an error floor worse than 107, This was a result of a number of
nonideal components in the experimental setup. A comparison of the simulated and
experimental results was also given with comments given on similarities and differences
between the two results. The simulations were used to determine which of the nonideal
components within the experimental setup were the most detrimental to extending the
transmission distance. At this point of development, inadequate sideband cancellation and
improper equalization from the microstrip are the major limiting factors in extending the

transmission distance.
6.2 Future Work

As was shown experimentally, the optical SSB system currently works effectively
up to 320 km. However, if this distance is to be extended, a number of improvements and
changes would have to be made to the existing system. First, work on simulating the
optical SSB system could be extended. The more detail that is added into the simulation,
the closer the simulation is to representing the experimental system. The bottlenecks in the
system performance at this point have been recognized, however more work on predicting
future problems such as nonlinear optical effects [73] in SSB modulation could be carried

out.

Two major improvements in the experimental SSB system were undertaken during
the course of the thesis work. The first was to reduce the linewidth of the source. Initially,
the laser in use had a linewidth of 4 MHz. With the existing technology, the FM-AM noise
penalty limited the error free transmission to about 200 km. When the linewidth was
reduced to 150 kHz, the FM-AM noise penalty was determined to be insignificant until well
beyond 1000 km. As a result, a laser with a linewidth of 150 kHz or lower was used in the

latest experiments. The second improvement that was implemented was to improve the
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quality of the bit stream entering the transmitter. This improvement was not critical to go
beyond 200 km, however, it is critical to go beyond 320 km. In the initial system setup at
TR Labs, the data signal and it’s complement are generated from a NEL 4:1 MUX. Thus,
the data and it’s complement are not always the exact inverse of each other as there are
spurious fluctuations throughout the bit in each data stream. Thus, the quality of the
transmitted amplitude modulated signal was reduced and more importantly, the quality of
the Hilbert transform of the data was also reduced. This lead to reduced sideband

cancellation and thus, reduced equalization of the chromatic dispersion.

An attempt was made at Nortel to use a 10 Gb/s pattern generator that would
improve the quality of the bit stream entering the transmitter. The Anritsu pattern generator
offered an improvement over the NEL 4:1 MUX however there were still some slight
mismatches between the data and it’s complement. What is required to correct this problem
is to integrate all of the signal generating processes into an integrated circuit. If the layout is
carefully designed, the driving signals can be closely matched and the Hilbert transform can
be accurately constructed. Further, the optical SSB design labeled as Design 2 might be

more practically implementable in this form.

Pending improvements in transmitter design, transmission over 400 km should be
possible, however, transmission beyond 400 km is questionable unless another form of
equalizer is designed. The microstrip currently used to perform the equalization has a
frequency dependent loss. More specifically, the 10 GHz frequencies are attenuated more
than the 10 Hz frequencies. This seriously limits the microstrip’s ability to equalize the
transmitted signal. Thus, work could be done on developing a multiple tap equalizer in an
integrated circuit form which would be designed to have a more flat magnitude response

than the microstrip and an effective phase response.

Pending development of a new equalizer, transmission up to 1000 km is feasible,
however, beyond this mark is unpredictable simply because the frequency response of the
transmitter and receiver electronics may have significant effects that would destroy the SSB
quality of the signal and as such, limit the equalizer’s ability to reverse the effects of
chromatic dispersion. Since this method reduces the spectral content of one sideband

through phase cancellation of frequencies, anything that alters the phase of the original
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signal before sideband cancellation but after the signals have been directed to the Hilbert
path will reduce the amount of cancellation thus reducing the ability to equalize. Thus, the
next area of improvement would be to improve the quality of the frequency response of the
transmitter and also the receiver components. At this time, most of the electrical
components at the transmitter and receiver are already of high quality and it is unlikely that
electrical components with perfectly flat amplitude responses will ever exist. However,

improvements in RF electronics are steady and may prove to be beneficial.

Uses of optical SSB transmission are also being proposed in WDM systems where
the spacing of the optical carriers could be as low as the bit rate B in a SSB transmission
format as opposed to 2B in a DSB format. Thus, experiments of optical SSB signaling in a
WDM system could be carried out and the performance of different signaling formats in a
closely spaced WDM system could be studied. It is interesting to note that modulating the
signal in the AM-PSK format previously described offers the same bandwidth reduction as
SSB. However, the AM-PSK format has to be equalized optically beyond approximately
200 km.

6.3 Additional Comments

As a result of the work presented in this thesis, it is evident that optical SSB
modulation does provide dispersion compensation. However, if the SSB systems use
electrical equalization, they will probably not be used in 10 Gb/s systems longer than 1000
km in the near future. The inherent problems with the design and the effects that nonideal
components have on this design will limit the optical SSB system’s capability. In light of
the new optical SSB system that has been developed, the best form of equalization that
could be used for extending the transmission distance of digital systems expected to be
longer than 400 km at a bit rate of 10 Gb/s appears at this time to be optical equalization in
the form of dispersion compensating fiber. Further, the DSB systems with optical
equalization are not subject to FM-AM noise problems like the SSB systems are. On the
other hand, the optical SSB systems may be useful in a 10 Gb/s system with a fiber length
somewhere between 100 km and 400 km. The ultimate decision will lie in a cost analysis of

the proposed compensating schemes.
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In the analysis, the cost of an optical equalizing element and the penalty caused by
it’s insertion loss will have to be weighed against the cost of implementing a complete
optical SSB transmitter along with an equalizer at the receiver. The optical SSB system has
no added optical insertior loss, however, the MZ modulator cannot be driven to full
extinction in the optical SSB case in order to maintain the ability to equalize post detection.
As shown in simulations, the reduced optical extinction has a strong negative impact in

terms of SNR.

The feasibility may also be affected by whether or not the optical link is already
installed. The optical SSB system offers the advantage of being able to transform an
existing DSB system by modifying only the transmitter and receiver electronics. Optical
equalization with elements such as dispersion compensating fiber or chirped Bragg gratings
may have to be placed at the transmitter or the receiver if the system is already installed. It
is hard to determine at this point whether DSB modulation with optical equalization or SSB
modulation with electrical equalization is more feasible since the cost can vary greatly

depending on the specifics of the system.
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APPENDIX A

Appendix A

Parameters and Losses of Optical Components used in the
Experiments at TR Labs

Table A.1  Fiber Loss at 1533 nm
Reel Company Model Length (km) Loss (dB)
1 Corning Stan. Single Mode 25 4.7
2 Corning Stan. Single Mode 25 6.2
3 Corning Stan. Single Mode 25 8.1
4 Corning Stan. Single Mode 10 1.9
5 Corning Stan. Single Mode 10 1.7
6 Nortel Stan. Single Mode 50 11.6
7 Nortel Stan. Single Mode 50 11.9
8 Corning Stan. Single Mode 50 13.0
9 Corning Stan. Single Mode 50 12.5
10 Corning Stan. Single Mode 25 7.5
11 Corning Stan. Single Mode 10 2.8
12 Coming Stan. Single Mode 6 4.0
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Table A.2 Isolator Loss at 1533 nm
Isolator Company Model Serial No. Loss (dB)
1 IDS I1S2500 26016 1.6
2 - - 3664 2.3
3 IDS IS2500 26014 0.6
4 JDS IS2500 26015 0.6
5 MP [ULISPLAALL 716475 0.3
6 MP IUISPLAAILL 716463 0.7
7 MP IUISPLAALI 716410 0.7
8 Qualop ISP15 300596 0.7
Table A.3 Band Pass Filter Loss at 1533 nm
BPF Company Model Serial No. Loss (dB)
l DS TB-1500B 901181 3.5
2 JDS TB-1500B 901182 1.7
3 IDS TB-1570 901041 2.0
4 JDS TB-1500B 901675 1.7
5 JDS TB-1500B CA000042 1.7
6 JDS TB-1500B CA000043 2.7
7 JDS TB-1500B CA000041 1.6
8 JDS TB-1500B CA000044 2.2

Table A.4 Wavelength Division Multiplexer Loss at 1533 nm

WDM

Company

Model

Serial No.

Loss (dB)

JDS

WD915F

Y179

0.8
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Table A.S Erbium Doped Fiber Amplifier Parameters at 1533 nm

Appendix A

EDFA Company G, Ngp Pt
1 TRLabs 29.9 1.7 5.6
2 TRLabs 29.8 1.6 6.7
4 TRLabs 23.2 2.0 20
S TRLabs 30.5 2.1 6.0
6 TRLabs 31.6 2.3 3.6
7 TRLabs 30.6 2.7 4.3
8 TRLabs 27.2 2.0 1.0
9 TRLabs 31.8 2.1 4.5
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APPENDIX B

Pictures of Components and the Full System used in the
Experiments at TR Labs

Figure B.1 Hilbert transform circuit (showing splitters, delay lines, attenuators,
broadband combiner, amplifier and phase modulator)

Figure B.2 16 cm microstrip equalizer
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Figure B.3 Erbium doped fiber amplifiers and fiber reels
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Appendix C

APPENDIX C

The Erbium Fiber Laser

As part of a future test strategy, a fiber laser was purchased and assembled. Fiber
lasers can have extremely narrow linewidths due to their long cavity length. As was
identified in the thesis, a narrow linewidth source is required in an optical SSB system to
minimize the level of FM-AM noise created by the interaction of the source linewidth with
the chromatic dispersion in the fiber. Thus, a fiber laser would be useful in future

experiments of optical SSB systems.

A system diagram of the fiber laser that was assembled is shown in Figure C.I.
The system is comprised first of a 980 nm laser which provides the pump power for the
fiber laser. The following fiber laser converts part of the 980 nm light into the desired 1550
nm light. The pump laser has an output power of approximately 100 mW so there is a
significant amount of 980 nm power still remaining in the output following the fiber laser.
This pump power is utilized by a subsequent section of Erbium fiber. Thus, following the
fiber laser is a WDM which splits the 1550 nm light and the 980 nm residual pump. The
980 nm light bypasses an isolator and is then recombined with the 1550 nm light before
they are launched into a section of Erbium fiber. The isolator helps reduce back reflections
into the fiber laser. The final section of Erbium fiber utilizes the residual 980 nm pump to
amplify the desired 1550 nm light from the fiber laser.

The performance of this fiber laser is satisfactory for use in an optical SSB system.
The linewidth is specified at 20 kHz, the RIN at the output of the Erbium fiber was
measured to be -140 dB/Hz, the wavelength at 25 degrees Celsius was measured to be
1550.87 nm and the final optical power at the output of the Erbium fiber can be set as high

as +10.1 dBm with full pump current.
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Isolator

Fiber Laser WDM 1 WDM 2 Er Fiber FC/APC

Pump Laser
X fiber splice
Components

Pump Laser - 980 nm SDL Pump Laser Model: SDLO-2400-100 Serial: 77613
Fiber Laser - Ionas DFB Fiber Laser Model: [IFOIWIE-T Serial: DFBC030
WDMI - Sifam WDM Model: L2SWMO98/15AA Serial: HC048
Isolator - MP Isolator Model: [UISPLAAOO Serial: 716287
WDM2 - Sifam WDM Model: L2SWM98/15AA Serial: HC045

Er Fiber - NOI Erbium doped fiber Model: Er68
FC/APC - Optical connector

Figure C.1 Erbium Fiber Laser

This laser was completed in time for use at the Nortel site, however, it was not used
in any of the experiments at Nortel since Nortel had a tunable narrow linewidth source. The
Nortel source had a satisfactory linewidth of 80 kHz and a RIN lower than -155 dB/Hz.
Further, the flexibility provided in tuning the Nortel source wavelength was more appealing
due to variations in the optimal operating wavelength of the optical band pass filters and
optical amplifiers at the Nortel site.

It is expected that this laser will be useful in optical SSB experiments and other
experiments requiring a narrow linewidth source that might be carried out at TR Labs in the

future.
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