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Fiber optical parametric amplifiers (FOPAs) are an innovative type of amplifier
with many promising applications both in and outside the telecommunications band. The
strictest limitation that FOPAs currently face is that of Stimulated Brillouin Scattering
(SBS) which causes significant backreflection of the incident light to a fiber under
conditions of sufficient power, called the SBS threshold.

This severely limits the

available pump power in fiber and thus the achievable FOPA gain. In this study we

xiii

propose and demonstrate the effectiveness of using a chirped sinusoidal waveform to
phase modulate the pumps and mitigate SBS. The effectiveness of the system for SBS
suppression was confirmed by phase dithering a pump with the proposed chirp and
measuring the increase in the SBS threshold. The system effect on the idler signal
integrity was also measured following amplification from a two pump FOPA. Using the
proposed systems, we successfully achieved as much as 38dB of conversion efficiency
gain with an OSNR penalty of 0.8dB at a BER of 10e-9 from the back to back case after
accruing 160ps/nm of dispersion from propagation.

xiv

Chapter 1
Introduction
1.1.

Relevance and Objective
Breakthroughs in optical telecommunications have incited a recent widespread

revolution in global interaction.

Rapid increases in available computational power

coupled with the high data capacity and transmission efficiency of optical fibers have
transformed telecommunications by enabling unprecedented amounts of data to be
transmitted and processed over vast distances virtually instantly.

For the everyday

consumer this translates into faster internet, inexpensive long distance phone calls, and
streaming high definition video.

Regular collaboration channels have been enabled

across chasms both physical and socio-economic that were once thought impractically
vast. The dawn of the information age has broken, and owes its birth in large part to the
underlying technologies forming the framework of modern optical telecommunications
networks.
Fiber optic lines form the backbone of the current worldwide network
infrastructure we regularly enjoy today.

When fiber was originally proposed as a

replacement for the electrical transmission lines that were already in place, the losses
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experienced by the propagating signals were so great that long distance communications
were impractical. Even after the first fibers were produced with more reasonable losses
of around 20dB/km [1], transmission speeds were severely limited by the use of electrical
repeater systems to amplify and retransmit the signal across long distances. One of the
final catalysts for the fiber optic revolution, then, came in the form of the erbium doped
fiber amplifier (EDFA) in 1987 [2]. The EDFA provided an all optical means of signal
amplification, avoiding the bottleneck of electronic repeaters and unleashed the
bandwidth of long-haul fiber optical communications into the world.
While modern fibers presently boast losses of less than 0.2dB/km at 1550nm
wavelengths, amplification is still necessary to support transmission over long distances.
Increasing demand for higher bandwidth applications and information availability are
pushing the development of new and innovative optical devices in order to unlock greater
bandwidth potential from current fibers. One such promising device is the fiber optic
parametric amplifier (FOPA). The FOPA, similarly to the EDFA, is a variety of all
optical fiber amplifiers with some interesting potential uses. In particular two pump
FOPAs offer tremendous gain bandwidth potential [3, 4] enabling the simultaneous,
equalized, amplification of a broad spectrum of wavelengths. Furthermore, two pump
FOPAs offer the potential for wavelength translation across spans as vast as 900nm [5]
offering the potential for many broadband high speed optical networking applications
including routers and switches.
Despite the myriad potential applications benefits offered by two pump FOPAs,
the development of such a system is not without its obstacles. This thesis seeks to focus
on these revolutionary devices and one of the fundamental limitations of their
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development today, Stimulated Brillouin Scattering (SBS). In particular we seek to
observe the onset of the SBS phenomenon in two pump FOPA systems and propose an
efficient yet cost effective mitigation technique. Furthermore, we seek to characterize the
final penalty that the implemented countermeasures will impart on the two pump FOPA
system operation.

1.2. Fiber Optic Parametric Amplifiers and Four Wave Mixing
Fiber optic parametric amplifiers (FOPAs) are a relatively recent type of amplifier
which utilize the four-wave-mixing (FWM) phenomenon to provide amplification to a
signal. FOPAs provide additional functionality compared to the more traditional erbium
doped fiber amplifier (EDFA) in the fact that they not only amplify the input signal, but
also generate a new, wavelength translated, and possibly phase conjugated output wave
called the idler. This increased functionality coupled with the ultra-fast response time
(less than 10fs) of FOPAs opens up their use in a number of applications such as high
speed signal processing, multicasting, wavelength translation, all optical delay lines and
dispersion compensation. When driven with two pumps, FOPAs have the possibility of
attaining very wide and flat gain regions extending over more than 115nm irrespective of
molecular transitions [3, 4].
Traditionally, FOPA systems consist of one or more strong laser pumps
positioned at angular frequencies 𝜔𝜔𝑛𝑛 where n denotes the pump number amplifying a

single signal wave positioned at frequency 𝜔𝜔𝑠𝑠 . For the purposes of this discussion and

the remaining chapters, the focus will be on two pump FOPAs with pump wavelengths
𝜔𝜔1 and 𝜔𝜔2 although similar conclusions hold for all cases. Generally speaking, the
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pumps are combined with the signal and delivered to a length of highly non-linear fiber
(HNLF) and an idler is typically generated at frequency 𝜔𝜔𝑖𝑖 as governed by equation
1.2.1. See Figure 1.2.1 for a typical two pump FOPA system spectral output.
𝜔𝜔1 + 𝜔𝜔2 = 𝜔𝜔𝑠𝑠 + 𝜔𝜔𝑖𝑖

(1.2.1)

Figure 1.2.1 - A typical two pump FOPA spectrum

HNLF is a special type of fiber specifically manufactured with parametric
applications in mind. HNLF has a smaller core size than traditional fiber and is typically
doped with a higher Germanium content, leading to a high non-linear coefficient γ which
is defined as [6]:
𝛾𝛾 =

2𝜋𝜋𝑛𝑛2
𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒 𝜆𝜆

(1.2.2)

In the above, 𝑛𝑛2 is the nonlinear index of the material, 𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒 is the effective area of

the fiber mode, and 𝜆𝜆 is the wavelength of interest with 𝛾𝛾 typically on the order of 0.013
W-1 m-1. In addition to the high 𝛾𝛾 for which HNLFs are named, the zero dispersion
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wavelengths λ0, the wavelength at which the material and waveguide dispersions cancel,
of HNLFs are designed to fall in the C and L communication bands (from 1530nm to
1565nm and 1565nm to 1625nm respectively).
The λ0 of the HNLF is significant because it determines the optimal placement of
the pump and signal lasers in the FOPA system. It has been shown [6, 7] that the optimal
positioning of the pumps with equalized powers and signal waves is generally governed
by the equation:
𝜔𝜔𝑐𝑐 =

2𝜋𝜋𝜋𝜋
(𝜔𝜔1 + 𝜔𝜔2 )
(𝜔𝜔𝑠𝑠 + 𝜔𝜔𝑖𝑖 )
=
=
𝜆𝜆0
2
2

(1.2.3)

This equation demonstrates that the optimal pump positioning is such that the
center of gravity of the frequencies of the system is at 𝜔𝜔𝑐𝑐 =

2𝜋𝜋𝜋𝜋
𝜆𝜆 0

in order to maintain

proper phase matching of the pumps. Equation 1.2.3 also demonstrates that the signal
and idler frequencies are similarly distributed symmetrically about 𝜆𝜆0 , equal distances

from the pump frequencies.

Generally speaking, the amplification process in a two pump FOPA involves the
quantum mechanical process of annihilation acting on either two photons from one pump
(degenerate four wave mixing), or, in the case of interest treated in this thesis, one photon
from each pump (non-degenerate four wave mixing). The result of this process is that
one photon reappears at the signal wavelength while the other appears at a new
wavelength obeying the relation presented in equation 1.2.3, generating a new wave
called the idler. In addition to this idler, which is the idler of interest in this study, two
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extra idlers are simultaneously formed through the other FWM processes involved in
FOPA operation.
The Four Sideband (FS) model is the model used to describe the interactions
which take place in two pump FOPA systems. In the FS model there are three primary
processes which describe the idler generation in the system, all based in the concept of
conservation of energy (in this instance in the form of angular frequency): Modulation
Instability (MI), Phase Conjugation (PC), and Bragg Scattering (BS) which are derived
mathematically as solutions to the non-linear Schrodinger Equation (NLSE) [7]. Note
that the descriptions of the processes follow the two pump FOPA setup of interest in this
study and may vary slightly from the literature.
Modulation Instability (MI) is the process that is responsible for the gain in the
single pump FOPA system where two pump photons are annihilated and appear as signal
and idler photons. In modulation instability, the presence of the strong pump laser at 𝜔𝜔1

with the input signal wave at 𝜔𝜔1+ simultaneously causes a beating at frequency 𝜔𝜔𝑘𝑘 =

𝜔𝜔1+ − 𝜔𝜔1 . The resulting beating causes refractive index modulation at 𝜔𝜔𝑘𝑘 via the Kerr

effect. The modulated refractive index developed is proportional to the optical intensity
present in the HNLF and generates a sideband photon at 𝜔𝜔1+via self phase modulation.

Thus, the result of the MI interaction is a sideband with frequency 𝜔𝜔1− = 𝜔𝜔1 − 𝜔𝜔𝑘𝑘 as
depicted in Figure 1.2.2.
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Figure 1.2.2 - The modulation instability mechanism in a FOPA

A second interaction process to consider in the FS model is that of Phase
Conjugation (PC). The PC process is the main contributor to the idler of interest as
generally described in the above description of general two pump FOPA operation. In
PC one photon from each pump at 𝜔𝜔1 and 𝜔𝜔2 is annihilated and recreated at the original

signal frequency 𝜔𝜔1+ and at a new idler frequency 𝜔𝜔2− = 𝜔𝜔2 − 𝜔𝜔𝑘𝑘 , thus generating a

phase conjugated replica of the input signal as depicted in Figure 1.2.3.

Figure 1.2.3 - The phase conjugation mechanism in a two pump FOPA

8
The final solution to the NLSE that must be considered to complete the FS model
of FWM is the Bragg Scattering (BS) interaction. In BS, a photon from the input signal
𝜔𝜔1+ and photon from the pump at 𝜔𝜔2 are annihilated to generate photons at the first
pump frequency 𝜔𝜔1 and at the sideband frequency 𝜔𝜔2+ = 𝜔𝜔2 + 𝜔𝜔𝑘𝑘 as depicted in Figure
1.2.4 creating an image of the input signal.

Figure 1.2.4 - The Bragg scattering mechanism in a two pump FOPA

Combining MI, PC, and BS, one can form a picture of the FS model of FWM. It
is significant to note that the three generated idler sidebands that are generated each
interacts with the pumps, signal, and other idlers by all three mechanisms as well. In this
sense a complete picture of FWM must incorporate all three interactions simultaneously
as well as the interactions between different generated components as shown in Figure
1.2.5.
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Figure 1.2.5 - The complete four sideband model of four wave mixing

Finally a brief discussion of gain expectations of two pump FOPA systems is
necessary. While all of the processes contribute to the gain spectrum of the FOPA, the
process of PC is the most interesting for two pump FOPA systems as it determines the
majority of the large wideband, flat gain region between the two pumps. The gain
associated with the PC process generating the idler at 𝜔𝜔2− with equal pump powers P1 =
P2 = P and optimal phase matching condition Δ𝛽𝛽 = −𝛾𝛾𝛾𝛾 is given as [7]:
1
𝐺𝐺𝑃𝑃𝑃𝑃 = 1 + 𝑠𝑠𝑠𝑠𝑠𝑠ℎ2 (2𝛾𝛾𝛾𝛾𝛾𝛾) ~ 𝑒𝑒 4𝛾𝛾𝛾𝛾𝛾𝛾
4

(1.2.4)

Where γ is the nonlinearity coefficient of the fiber and z is the interaction length.
It is important to note that the assumption of phase matching was essential for
simplifying the governing equations (omitted here) to arrive at the expression given for
gain. This condition demonstrates the heavy phase matching dependence of the gain in
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FOPA systems since the parameter Δ𝛽𝛽 is included in the MI and BS gain calculations as

well as the PC one shown. Another important assumption made in the derivation of the
gain equation 1.2.4 was optimal co-polarization of both pumps as well as the input signal.
This assumption is significant because the four wave mixing processes which lay at the
essence of parametric amplification are fundamentally polarization dependent.

1.3. Stimulated Brillouin Scattering
Stimulated Brillouin Scattering (SBS) is the strongest nonlinear effect in fiber
optics and is the most significant obstacle to the development of many practical FOPA
systems.

SBS is a non-linear optical phenomenon which sets a hard limit to the

maximum amount of optical power one can couple into a given fiber while maintaining a
linear relationship with the output power. For FOPA systems, this implies a limit to the
pump power that can be delivered to the HNLF. This limit comes as a result of a
generated backward propagating wave due to material properties. Beyond a particular
input power, this back-reflected wave begins to increase in power exponentially. This
input power is generally referred to as the SBS threshold and depends on such fiber
characteristics as effective interaction length 𝐿𝐿𝑒𝑒𝑒𝑒𝑒𝑒 , effective modal area 𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒 and

Brillouin gain parameter 𝑔𝑔𝑜𝑜 as [8]

𝑃𝑃𝑡𝑡ℎ ~

21𝑘𝑘𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒 ∆𝜈𝜈𝐵𝐵 ⊗ Δ𝜈𝜈𝑃𝑃
�
�
𝑔𝑔𝑜𝑜 𝐿𝐿𝑒𝑒𝑒𝑒𝑓𝑓
Δ𝜈𝜈𝐵𝐵

(1.3.1)

Where Δ𝜈𝜈𝐵𝐵 and Δ𝜈𝜈𝑃𝑃 are defined as the Brillouin gain bandwidth and the linewidth

of the incident optical pump respectively as depicted in Figure 1.3.1. As an example, the
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SBS threshold of a 200m piece of HNLF is with Δ𝜈𝜈𝐵𝐵 = 50𝑀𝑀𝑀𝑀𝑀𝑀 can be measured to be

15dBm, while that of a 10km piece of SMF with Δ𝜈𝜈𝐵𝐵 = 20𝑀𝑀𝑀𝑀𝑀𝑀 can be measured to be

around 8dBm of course depending on the incident laser linewidth as shown in
experiments described in later chapters. The SBS threshold of most fibers useful for
FOPA systems can therefore be expected to be extremely small, thus precluding any
parametric gain. As shown in equation 1.2.4, the PC gain of a two pump FOPA system is
exponentially dependent on input pump power, thus, unchecked, SBS serves to severely
limit the gain capabilities of a given FOPA. In addition to the gain limitation, the
presence of SBS in the system has an experimentally observed detrimental effect on the
output signal quality of the FOPA as well [8]. These system limitations demonstrate the
obvious need, therefore, for SBS suppression techniques.

Figure 1.3.1 - The Brillouin bandwidth, pump linewidth, and Stoke's shift.

Brillouin scattering first arises spontaneously due to scattering of the incident
optical field from a co-propagating acoustic, and thus density, wave in the fiber excited
by thermal fluctuations, which forms a grating-like structure travelling at the speed of
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sound along the waveguide. This scattering gives rise to a backward propagating, Stokes
shifted (frequency downshifted), reflection of the incident wave.

The reflected

frequency for an incident field with 𝜆𝜆𝑃𝑃 , and an acoustic velocity 𝑣𝑣𝐴𝐴 is given by [9]:
𝜈𝜈𝐵𝐵 =

2𝑛𝑛𝑣𝑣𝐴𝐴
𝜆𝜆𝑃𝑃

(1.3.2)

Typical values of downshift are around 10GHz from the incident frequency in
HNLF. Under sufficient incident optical power, the Stokes shifted wave can be intense
enough to induce beating between the two fields. When this beating occurs, the acoustic
wave is reinforced via electrostriction, a non-linear property of the silica glass which
causes refractive index fluctuations via density increases at sites of high incident optical
intensity. This reinforcement of the acoustic wave in turn strengthens the reflected wave
and the process continues in positive feedback until a steady state is reached.

1.4. SBS Mitigation Techniques
In FOPA systems under the condition of extremely intense optical pumps, the
SBS process has been seen to reflect the majority of the incident pump power. With
increasing demand for power delivered into fiber, a number of SBS suppression
techniques have arisen.

These techniques seek to increase the SBS threshold by

manipulating either the Brillouin bandwidth ∆𝜈𝜈𝐵𝐵 and thus the peak gain 𝑔𝑔𝑜𝑜 or the

incident laser linewidth Δ𝜈𝜈𝑃𝑃 in order to minimize the spectral overlap between the two, to

limit the gain experienced by the backreflection. This dependence can be clearly seen in
∆𝜈𝜈 𝐵𝐵 +Δ𝜈𝜈 𝑃𝑃

equation 1.3.1 with the multiple of �

Δ𝜈𝜈 𝐵𝐵

�.
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In the category of ∆𝜈𝜈𝐵𝐵 broadening some typical methods used to increase the SBS

threshold include: introducing temperature gradients along the fiber, introducing
longitudinal strains, and changing the dopant concentration in the fiber. It has been
demonstrated [10] that by changing the dopant level in a fiber and thus the refractive
index of the material that the Brillouin frequency 𝜈𝜈𝐵𝐵 would shift. Consequently, varying

the dopant concentration along the fiber length, will induce a constant change in 𝜈𝜈𝐵𝐵 ,

spreading the gain region over a wider bandwidth and thus reducing the peak gain at a
given frequency.

In a similar manner of shifting 𝜈𝜈𝐵𝐵 , induced fiber stresses either

thermally [11] or by physical strain [12, 13] have been shown to be quite effective in
increasing the SBS threshold with up to 8dB increases in threshold measured in the
thermal and 15dB in the physical cases. These passive, material methods for SBS
suppression enjoy the distinct advantage of requiring no additional components for the
optical system after the chosen method has been implemented in the material.
Additionally, these methods do not alter the properties of the incident light delivered to
the fiber therefore avoiding any pump to idler transfer effects of phase modulation. The
downside is that the fiber of interest must either be specially produced or altered, possibly
irreversibly, before implementation into a system in addition to the limited efficiency of
suppression as compared to other methods.
Alternatively, there are active SBS suppression methods currently under study
and further presented in this work which seek to instead broaden the linewidth of the
incident light to reduce the amount of power experiencing gain in the generally narrow
SBS bandwidth. This can be done using either directly by frequency modulation at the
source or by phase modulation without introducing significant intensity modulation on
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the laser of concern [14]. In either case the laser is dithered in either phase or frequency
by a controlling electrical waveform. Typical waveforms used for dithering include
sinusoids, combinations of multiple sinusoids, and pseudorandom bit sequences.
Linewidth broadening using phase modulation has been shown to be an extremely
effective SBS suppression method with threshold increases of up to 22dB recorded using
five combined tones up to 10GHz. Currently the active methods of SBS suppression are
more widely used due to the performance advantage, the lack of effects on the fiber
dispersive properties, as well as ease of implementation. Some major drawbacks to these
active laser modulation systems exist, however, and include the transfer of phase
modulation from the pump to the idler in FOPA systems and the resulting impracticality
and cost of implementing such systems for telecommunications purposes.

1.5. Thesis Organization
This thesis will address the issue of SBS in the following progression: We begin
by presenting a detailed analysis of the phase modulation SBS suppression technique by
means of physical analysis and discuss some of the current limitations of such systems in
terms of efficiency and signal integrity. The discussion of the concepts is followed by an
experimental verification of the claims set forth regarding the effectiveness of the phase
modulation technique using voltage controlled oscillators (VCOs). Stemming from the
success of the previous section, we then present proposed solutions that address the
limitations associated with using VCOs. Experimental verification of the improvements
offered by each of the proposed systems is then presented and discussed. The final
experimental demonstration of the phase modulation systems is then presented as a probe
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into the signal quality output effects of introducing the various proposed phase
modulation systems in a practical two pump FOPA system. Finally, conclusions are
drawn linking the modulation system used and the degradation of the FOPA output idler
quality before an overall analysis of the quality of the systems is given

Chapter 2
Phase Modulation
2.1. The Current State of Affairs
As described in Chapter 3, there are a number of ways currently used to suppress
SBS in fibers, either manipulating the laser linewidth used or the Brillouin bandwidth to
reduce the Brillouin gain acquired by the incident laser. A commonly used method in
FOPA systems, due to ease of implementation in conjunction with the resulting
effectiveness of suppression, is phase modulation of the laser for linewidth broadening.
This method has been shown to be quite effective producing SBS threshold increases of
up to 22dB experimentally [15].

In this preliminary investigation we present

experimental confirmation of the effectiveness of pure sinusoidal electrical waveforms
for use in phase modulation for SBS suppression. We also recognize current system
inefficiencies and lay the foundation for future investigations in the field to minimize the
identified inefficiencies and maximize the efficiency of SBS suppression.
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2.2. Theoretical Foundations of Phase Modulation
Phase modulation using sinusoidal tones suppresses SBS based on the linewidth
broadening effect. Given an optical carrier wave described by the equation:
𝑒𝑒𝜈𝜈 (𝑡𝑡) = 𝐴𝐴𝑜𝑜 𝑒𝑒 𝑗𝑗 2𝜋𝜋𝜋𝜋𝜋𝜋 + 𝜙𝜙

(2.2.1)

The sinusoidally phase modulated field of amplitude 𝐴𝐴𝑚𝑚 can then be described by:
𝑒𝑒𝑃𝑃𝑃𝑃 (𝑡𝑡) = 𝑒𝑒𝜈𝜈 𝑒𝑒 𝑗𝑗 𝐴𝐴𝑚𝑚 𝑠𝑠𝑠𝑠𝑠𝑠 (2𝜋𝜋𝜋𝜋 𝑚𝑚 𝜃𝜃)

(2.2.2)

The Fourier Transform of Eq. (2.2.2) is proportional to:
𝐸𝐸𝑃𝑃𝑃𝑃 (𝜈𝜈)~ 𝐽𝐽0 (𝛽𝛽𝑚𝑚 )𝑒𝑒 𝑗𝑗 2𝜋𝜋𝜋𝜋𝜋𝜋 + � 𝐴𝐴𝑚𝑚 𝐽𝐽𝑛𝑛 ( 𝛽𝛽𝑚𝑚 )�𝑒𝑒 𝑗𝑗 2𝜋𝜋(𝜈𝜈+𝑛𝑛𝑛𝑛 𝑚𝑚 )𝑡𝑡 − 𝑒𝑒 𝑗𝑗 2𝜋𝜋(𝜈𝜈−𝑛𝑛𝑛𝑛 𝑚𝑚 )𝑡𝑡 �
𝑛𝑛

Where 𝛽𝛽𝑚𝑚 =

𝐴𝐴𝑚𝑚
𝜈𝜈 𝑚𝑚

(2.2.3)

and 𝐽𝐽𝑛𝑛 ( 𝛽𝛽𝑚𝑚 ) is the Bessel Function of the first kind with order n

resulting in a spectrum similar to that of Figure 2.2.1.
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Phase Modulation Simulation with One Tone at 0.9Vpi
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Figure 2.2.1 - Phase Modulation spectrum with ν = 2500, νm = 20, Am = 0.9Vπ

Thus from equations 2.2.3 and 1.3.1 it is apparent that for practical SBS
suppression the frequency 𝜈𝜈𝑚𝑚 must exceed the Brillouin bandwidth ∆𝜈𝜈𝐵𝐵 in order to create
a spectral spread outside of the SBS gain region, or, equivalently, for significant SBS

suppression to occur. Choosing this value (generally between 20MHz and 50MHz for
typical HNLF with 1µm core diameter) as a base frequency one can select higher order
tones to fill out and further broaden the resulting spectrum. It has been demonstrated
[16], and as is implied by Fig. 2.2.1, that the optimal spacing between subsequent tones is
a multiple of three in order to maximize the spectral broadening and power distribution.
The rationale behind this can be seen from the Bessel dependent amplitudes of the
frequency components where the third peak is significantly weaker than the zero-th and
first orders.

The resulting full width half max of the pump Δ𝜈𝜈𝑝𝑝 is determined by
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multiplying the base frequency tone 𝜈𝜈𝑚𝑚 by the number of peaks generated across the
spectrum as determined by the number of tones used and is given by:
# 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = Ι = 3𝑁𝑁 , 𝑁𝑁 = # 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
Δ𝜈𝜈𝑝𝑝 = Ι𝜈𝜈𝑚𝑚

(2.2.4)

(2.2.5)

It can also be experimentally demonstrated, Figure 2.3.1, that given the proper
modulation voltage 𝐴𝐴𝑚𝑚 (experimentally demonstrated to be 0.9𝑉𝑉𝜋𝜋 where 𝑉𝑉𝜋𝜋 is defined as

the phase modulator drive voltage required to achieve a full π phase shift swing [16]) the
spectral peaks can be equalized, thus distributing the pump power evenly over all of the
peaks effectively reducing the incident power,𝑃𝑃𝑜𝑜 , to [15]:
𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒 =

𝑃𝑃𝑜𝑜
Ι

(2.2.6)

The preceding equation demonstrates that the actual increase in SBS threshold as
expected from equation 1.3.1 which assumes uniform power distribution over the
bandwidth Δ𝜈𝜈𝑝𝑝 is limited by the discrete nature of the spectral broadening due to the

Bessel expansion (Eq. 2.2.1) of a single harmonic driving signal.

2.3. Experimental Verification
The aim of the preliminary investigation was to analyze and document the
reasonable expectations for SBS threshold increase due to phase modulation. In the
experiment up to four tones were used at a time to modulate the pump laser at frequencies
of 100MHz, 300MHz, 900MHz, and 2700MHz for a total of up to 34 = 81 peaks and a
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calculated potential threshold increase of 19dB or an increase of ~4.8 dB per tone. The
theoretical prediction of 4.8 dB of SBS threshold increase stems from a simple fact that a
single RF driving harmonic produces a triple splitting of the optical carrier, whereas
10 log10 3 = 4.77𝑑𝑑𝑑𝑑. The base frequency of 100MHz was chosen to be well above the
SBS bandwidth of the 10km Germanium Oxide doped SMF which had a measured ∆𝜈𝜈𝐵𝐵

of approximately 20MHz.

The experimental setup for measuring the SBS threshold is depicted in Figure
2.3.2. A tunable laser was used as the pump and fed into a Lithium Niobate phase
modulator which was driven by the tone configuration under test. The sinusoidal tones
necessary for efficient phase modulation were generated using Voltage Controlled
Oscillators (VCOs) precisely tuned in amplitude and frequency to create a flat spectrum
shown in Figure 2.3.1.

The individual VCOs were low pass filtered for tone purity,

attenuated using a separate voltage controlled attenuator for each tone and combined
through an RF power divider. The concatenated waveform was then passed through a
final amplifier to ensure enough peak to peak voltage reaching the modulator driver. The
modulated pump signal was passed into a 1W EDFA booster followed by a variable
optical attenuator (VOA) used to control the amount of incident power that was allowed
into the fiber. The resulting signal was fed into the first port of a circulator which
connected at the second port to a 10km spool of GeO2 doped SMF following a 99/1 tap to
monitor input power and terminated at a power meter to monitor the output power
allowed to transmit through the fiber. The third port of the circulator was connected to an
additional power meter to monitor the backreflected power and detect the onset of SBS.
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Figure 2.3.1 - Tuned spectrum of a pump wave modulated with a single 900MHz tone

Figure 2.3.2 - Experimental setup for SBS Threshold measurement. PC – Polarization Controller,
RF – Radio Frequency Tones, PM – Phase Modulator, EDFA – Erbium Doped Fiber Amplifier, VOA –
Variable Optical Attenuator, SMR – Single Mode Fiber.
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Figure 2.3.3 - Experimental setup for tone generation. LPF – Low Pass Filter.

2.4. Experimental Results
The constant wave (CW) SBS threshold of the fiber under test was measured to be
approximately 9dBm as depicted in Figure 2.4.1. The phase modulator was driven first
by a single 100MHz tone resulting in a threshold of approximately 13dBm, an increase of
approximately 4dB which is fairly consistent with the predicted value of 4.8 dB per tone.
The modulator was then driven by the 300MHz, 900MHz and 2700MHz tones
individually and the same threshold increase of 4dB per tone was observed demonstrating
the limitation of power spreading by the number of peaks generated from the modulation.
The modulator was then driven by two, three and four tones simultaneously concatenated
with threshold increases of 4dB, 3.5dB, and > 3dB observed for each tone added
respectfully as shown in Figure 2.4.2.
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The observed results satisfactorily matched both the theoretically expected and
previously demonstrated results to serve as a foundation for further testing in modulation
schemes for SBS suppression.

Figure 2.4.1 - SBS threshold measurement of 10km GeO2 doped SMF

Figure 2.4.2 - SBS threshold measurements with one, two, three, and four tones.

Chapter 3
Investigation: An Alternative Solution
3.1. Shortcomings of the Standard
A practical issue with the technique of phase modulation for SBS mitigation
introduced in the previous chapter is the inherent fact that it results in a significant
increase in the linewidth of the pump laser. As demonstrated in the previous section,
phase modulation with carefully selected tones is an effective method of SBS suppression
and has been experimentally demonstrated to yield a threshold increase of as much as
22dB [15]. This broadening is problematic, however, when the laser in question is a
pump laser for a FOPA system. When the FOPA operates with significant gain, it has
been shown that this broadening often causes signal gain fluctuation, thus introducing
amplitude modulation on the idler and degrading the signal quality factor (Q) [17]. More
importantly, and as described previously, the phase modulation broadening generated on
the pump is transferred to the generated idler as well. If one wishes to transmit the
generated idler over any significant length of fiber the excess idler broadening will cause
different portions of the idler to propagate with different group velocities due to fiber
group velocity dispersion [18], leading to significant penalties and timing jitter.
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Consequently, for practical purposes, the broadening of the idler must be altogether
alleviated, or possibly minimized in order to maintain sufficient signal integrity. In this
section, we investigate the possibility of a new electrical modulation scheme, poised to
provide equal SBS suppression to the previously introduced method relying on pure
sinusoidal tones, however with significantly reduced linewidth broadening.
As demonstrated in chapter 2, a careful selection of RF harmonics for phase
modulation does indeed achieve the desired SBS suppression, along with the significant
idler broadening. As demonstrated in Fig. 2.3.1 it is important to note that the spectral
distribution of optical power of the modulated pump is not continuous. Indeed, the
modulated spectrum consists of discrete peaks as shown in Figure 2.3.1 indicating that
the incident optical power is not distributed as evenly as one would hope, for maximum
efficiency in terms of peak incident power decrease for a given bandwidth of modulation.
This optical spectrum sparcity is a result of the spectral discretization under sinusoidal
phase modulation (as described by Eq. 2.2.3) yielding a finite number of spectral peaks
per RF harmonic (i.e. three optical carrier peaks per RF tone). The discrete distribution
results in the incident optical power being distributed over the number of peaks generated
instead of over the whole spectral width of the pump. As implied in the introductory
section, the main focus of this work is investigation of alternative phase modulation
methods, circumventing the discrete and overly broadened pumps in FOPA applications,
thus providing a greater SBS threshold increase for a given bandwidth of broadening. In
particular three previously untried methods of pump phase modulation are investigated:
(i) phase modulation by a chirped RF waveform (ii) overdriven nonlinearly chirped RF
waveform, and (iii) phase modulation by a band-limited RF noise source.
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3.2. An Introduction to Chirping
The most obvious candidate for spectrally efficient phase modulation is that of
linear chirp waveform.

Linear chirp waveforms are frequently used in digital

communication, sonar, and radar applications [19].

Generally speaking, a chirp

waveform is characterized by a changing carrier frequency in time, and is usually
differentiated by either a monotonous frequency increase (up- chirp) or decrease (downchirp) with time. Specifically if the frequency varies linearly with time, this special case
is denoted as a linear chirp and can be easily expressed mathematically as:
𝐶𝐶(𝑡𝑡) = 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴[2𝜋𝜋(𝜈𝜈𝑜𝑜 + 𝑘𝑘𝑘𝑘)𝑡𝑡]

(3.2.1)

In Eq. 3.2.1, k represents the chirp rate or rate of frequency increase/decrease.
Graphically, the linear chirp is depicted in Figure 3.2.1. Note that according to the basic
properties of the SBS effect, for effective SBS suppression, the chirp rate k is determined
by :
𝑘𝑘 >

∆𝜈𝜈𝐵𝐵
𝜏𝜏𝑝𝑝

(3.2.2)
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Figure 3.2.1 - A generated Linear Up-Chirp with k=2νo s-1

In words, the chirp must be switched at least up to the Brillouin bandwidth away
from the starting frequency within a timing interval shorter than the phonon lifetime, 𝜏𝜏𝑝𝑝 ,
in the HNLF. For example, a piece of HNLF with ∆𝜈𝜈𝐵𝐵 = 50𝑀𝑀𝑀𝑀𝑀𝑀 has a phonon lifetime
𝜏𝜏𝑝𝑝 =

1

∆𝜈𝜈 𝐵𝐵

= 20𝑛𝑛𝑛𝑛 and thus for efficient SBS suppression a chirp rate of 𝑘𝑘 ≫

2.5𝑀𝑀𝑀𝑀𝑀𝑀 𝑛𝑛𝑛𝑛 −1 must be used.

Under this condition, the pump laser appears to be

continuously chirped relative to the acoustic wave in the fiber and will be equivalent to
feeding the fiber with a pump laser modulated with all of the constituent tones of the
chirp simultaneously. The result of RF chirping on the optical carrier is that the incident
power is distributed similarly to the discrete tone VCO phase modulation case in terms of
the Bessel functions, however each individual peak is replaced with a continuous, flat
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spectrum of peaks, increasing the efficiency of the power spreading as depicted in Figure
3.1.2. Thus, it can be assumed that the SBS threshold increase resulting from phase
modulation with a linear chirp waveform will be determined directly from the equation
given in 1.3.1 without any predicted limitation from discretization. Note, however that
an RF chirp will not produce a spectrally flat chirp in the optical domain, due to the
nonlinear nature of the transfer characteristic of the phase modulator. Fig. 3.2.2 shows a
mathematical prediction of the optical spectrum caused by the linear RF chirp. An
excellent match in practice was obtained experimentally, as shown in Fig. 3.2.3.

Phase Modulation Simulation: 50MHz - 400MHz Chirp
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Figure 3.2.2 - Simulated Chirp Phase Modulation spectrum of a linear upchirp from 50MHz to
400MHz at a rate of 0.5MHz s-1.
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Figure 3.2.3 - Experimentally measured chirp phase modulation spectrum. Here the chirp is
350MHz in bandwidth sweeping from 50MHz to 400MHz with a chirp rate of 0.085 MHz ns-1.

3.3. A Valid Contender: DDS Versus VCO
Traditionally, an electrical chirp is generated using a VCO like those presented in
Chapter 4 driven with a continuously ramped tuning voltage to create the frequency chirp
pattern desired. This method of chirping produces a chirp rate that is limited by the
tunability of the voltage supply feeding the VCO and the response time of the VCO
yielding chirp rates on the order of 100MHz/ns which is, as explained above,
unacceptable for SBS mitigation purposes [20].
Therefore, before a chirp could be tested a suitable waveform generator was
necessary to replace the VCOs used in the preliminary investigation. The proposed
solution is a Direct Digital Synthesizer (DDS) chip based on the phase stability of the
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tones generated, the high switching frequency possible, sub Hz resolution tuning, and
economic viability [21]. Since DDSs are digitally programmed, the sinusoids produced
are tightly controlled both in frequency and phase. A typical DDS block diagram is
depicted in Figure 3.3.1. A DDS generates sinusoids at a determined frequency based
upon a reference clock and a binary frequency tuning word (FTW) which codes the
frequency desired. The tuning word is fed into a phase accumulator which, in turn,
passes phase angle values to a sine lookup table which outputs digital amplitude values
consistent with the sinusoidal pattern desired. Finally, the digital amplitude data is
passed through an digital to analog converter (DAC) to produce the final analog
sinusoidal waveform at the programmed frequency 𝐹𝐹𝑂𝑂 .

Figure 3.3.1 - A typical DDS block diagram. DAC – Digital to Analog Converter, LPF – Low
Pass Filter

Currently, the fastest commercially available DAC can run at approximately
1Gsps, which also serves to limit the usable reference clock frequency 𝐹𝐹𝑠𝑠 to 1GHz as

well. Since the output of the DDS is generated by reverse sampling a digital waveform to
produce the analog output, the maximum analog output frequency of the DDS is therefore
limited to 50% of the reference clock frequency by the Nyquist criterion, or 500MHz in
the fastest case. This limit in DAC sampling rate and thus limited bandwidth capabilities
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of the DDS contributes one of the greatest drawbacks to the potential use of the system
with the fastest DDS commercially available at the time of this writing producing an
output frequency of 400MHz reliably which translates to approximately 1.6GHz of
linewidth on the pump.
A second consideration necessary when using a DDS is the generation of
harmonic tones as a result of the sampled nature of the system. Spectrally, the DDS
produces harmonic components symmetrically at distances of 𝐹𝐹𝑂𝑂 from each integer

multiple of 𝐹𝐹𝑠𝑠 and obeying a sinc envelope as generally seen in the reconstruction of
sampled systems [21]. The solution to the harmonic generation is straightforward low

pass filtering provided that 𝐹𝐹𝑠𝑠 is sufficiently high that an excursion of 𝐹𝐹𝑂𝑂 toward the

desired output frequency can still be adequately (~40dB) suppressed by a carefully
selected filtering system. While a fairly straightforward problem, the spectral purity
limitation of the DDS must be addressed in order to properly phase modulate any pump
laser for SBS suppression if one wants to maintain a controlled modulation system.

3.4. Testing the DDS Against the VCO
For this investigation, the Analog Devices AD9910 complete DDS chip was
selected with a 1Gsps 14-bit DAC and its output low pass filtered at 500MHz to
eliminate the presence of the harmonics generated.

This DDS provided a usable

frequency tuning range of DC to 400MHz with a frequency step resolution of less than
0.23Hz and a minimum frequency switching time of 4ns. While the 4ns switching time
was less than ideal (recall the limit calculated of k >> 2.5MHz ns-1) it represented the
current commercial capability of the DDS technology used in all the experiments.
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In order to characterize its performance against the VCO system’s, the DDS was
first programmed to generate several single tone outputs sweeping a range from DC to
400MHz which were fed into a phase modulator to measure the effective SBS threshold
increase in 10km of GeO2 doped SMF. It was found that the results from the DDS agreed
fairly closely to those previously reported for SBS suppression using single tone VCOs
[16] with results shown in Figure 3.4.1.
SBS Threshold Vs. Modulation Frequency (DDS)
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Figure 3.4.1 - The effect of modulation frequency on the SBS threshold using a Direct Digital
Synthesizer

The result clearly demonstrates the usability of a DDS as a VCO replacement for
single tone generation in phase modulation schemes for SBS suppression. Note that after
approximately 100MHz, the threshold increase effectively flattens out at an increase of
approximately 5dB regardless of frequency. Also, note that amplitude instability when
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operating the DDS at its upper frequency limit is readily apparent in SBS suppression
efficiency causing a fluctuation of approximately 2dB threshold increase at frequencies
between 300MHz and 400MHz.
Next, the DDS was tested versus VCO performance, this time for multiple tones
generation. In this case the AD9910 RAM was programmed with one, two and three
FTWs in each case and set to switch between the output frequencies at 4ns intervals. The
frequencies were chosen at multiples of three, thus 20MHz, 60MHz, and 180MHz and
the system tested using both the VCO tones used previously in chapter 2 and the DDS.
Both modulation waveforms were used to drive the phase modulator at different times to
measure the SBS threshold increase in 10km of GeO2 doped SMF. As seen in Figure
3.4.2, the effectiveness of the VCO continuously generated and DDS equivalent
discretely switching multiple tone waveforms is approximately the same. The DDS,
therefore presents a viable replacement for the VCO in terms of SBS suppression when
used as the waveform generator driving a phase modulator with multiple tones as well.
This result demonstrated that the 4ns time limit on switching was not as significant as
initially assumed when the frequency switching resolution was large enough, in this case
10MHz s-1 and 30MHz s-1 chirp rates between the first and second and second and third
tones respectively. Thus, this test validated the use of the DDS for the chirp generation
used in the proposed phase modulation scheme based on the previous work using VCOs
under the condition of a sufficiently high chirp rate.
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DDS vs. VCO Generated Tones (850mV pk-pk)
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Figure 3.4.2 - DDS versus VCO performance using multiple tones

3.5. Various Chirping Systems
Given the evidence of the usefulness of the DDS for SBS suppression, various
chirp waveforms were then generated and fed into the phase modulator from the DDS to
evaluate the optimal chirp pattern to use for effective SBS suppression. Chirp patterns
were programmed in the RAM of the AD9910 to produce frequency sweeps with
bandwidths from as wide as 20MHz to 400MHz to as narrow as 300MHz to 400MHz and
the results were compared. For this test, the same SBS threshold measurement setup as
presented in chapter 4 was used, however the fiber of interest was a 200m piece of HNLF
with 𝛾𝛾 = 0.013 𝑊𝑊 −1 𝑚𝑚−1 . As seen in figure 3.5.1, the optimal chirp bandwidth for the

HNLF in use was from 50MHz to 400MHz for a total bandwidth of 350MHz. The result
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is as expected since Δ𝜈𝜈B of HNLF is generally approximately 20-50MHz, hence phase

modulation at frequencies much below this did not contribute significantly to increasing
the SBS threshold. The HNLF had a CW SBS threshold of 15dBm, thus the use of the
350MHz chirp represented an 11dB threshold increase, approximately equivalent to the
increase expected from three VCO tones. Comparing this to the expected threshold
increase given by equation 1.3.1 of approximately 16dB indicates the existence of an
inefficiency in the operation, restricting the system capabilities.
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25
20

Backreflected Power (dBm)

15
10
5
0
-5
20MHz - 400MHz
50MHz - 400MHz
100MHz - 400MHz
150MHz - 400MHz
200MHz - 400MHz
300MHz - 400MHz

-10
-15
-20
22

23

24

25

26

27

28

29

30

31

32

Input Power (dBm)

Figure 3.5.1 - Chirping Bandwidth Effects on SBS threshold increase

An alternative to the linear chirping scheme was proposed to increase the
effectiveness of the linearly chirped RF driving waveform, after observing a suboptimal
efficiency of SBS suppression discussed in the previous section. Based on the rationale
that the 4ns switching time, while demonstratedly not an obstacle for large, discrete,
frequency steps might have been a limiting factor for the 34.1KHz resolution chirp
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waveform generation. Consequently, an alternative approach capable of maintaining the
same frequency resolution, while increasing the frequency difference between
consecutive frequencies was tested.

The alternative concept takes advantage of the

DDS’s ability to discretely switch over large frequency spans and consists of splitting the
available 350MHz bandwidth into five discrete bins of 70MHz each with 208 frequencies
per bin. The switching scheme between frequencies was then adapted to maximize the
distance between subsequent frequencies as depicted in Figure 3.5.2.

In the actual

realization (and the figure), each block represents a frequency span of 70MHz and the nth frequency term in each block is switched to during the n-th cycle. This results in the
spectral equivalent of a full linear up-chirp cycle after switching to the 208th frequency
element in bin 5 thus completing the 208th iteration of the process. While no significant
change in the spectral shape was observed (figure 3.5.3), the application of the alternative
nonlinear chirp resulted in a <1dB increase in the SBS threshold with respect to the CW
case, see Figure 3.5.3. The observed behavior indicates that a more stringent time
constraint for the chirping waveforms with respect to the SBS mechanism.

Figure 3.5.2 - Chirping with maximum frequency switching difference
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Figure 3.5.3 - Spectral Output of alternative chirp. With bandwidth ~2GHz
Effect of DDS Chirp Bandwidth on SBS Threshold
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Figure 3.5.4 - Chirp with discontinuous switching compared to normal chirp
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As implied in the previously, the RF linear chirp with a Vπ amplitude is a
suboptimal driving signal for obtaining a flat chirped optical spectrum. In fact, as
demonstrated in the previous section, an RF chirp results in a stair-case-like optical
spectrum. For ideal SBS suppression, as in the case of properly tuned VCO tones, the
resulting modulated spectrum of the pump wave ought to be uniform across its span
resulting in even power distribution across the entire pump linewidth and thus attaining
the maximal SBS suppression for a given excursion of the RF modulating frequencies.
The spectrum associated with a properly tuned chirp, while adhering to theoretical
expectations, does not satisfy this ideal, instead generating a staircase pattern as
previously seen. In order to overcome this obstacle, it was proposed that the phase
modulator be overdriven many times above the 𝑉𝑉𝜋𝜋 of the modulator. By running the

phase modulator in this unorthodox regime, the higher frequency components of the

modulated spectrum of the pump are enhanced effectively flattening out the resulting
optical spectrum in a manner similar to that used with VCO tones and a saturated
modulator driver [16]. An example is depicted in Figure 3.5.5, where it is shown that the
staircase pattern associated with the DDS chirp has been smoothed out while minimally
broadening the FWHM linewidth of the pump to approximately 2.5GHz.
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Figure 3.5.5 - The spectrum of the pump with a chirp overdriving the phase modulator

The same SBS measurement system was used to verify the effect that the
increased level of spectral flatness had on the SBS threshold increase with the results
shown in Figure 3.5.6. From the data, it is clearly evident that the increased drive voltage
(and thus increased spectral flatness) results in an incremental increase in the measured
SBS threshold. In the best case, at a drive voltage of 19.77V (approximately 6 times
greater than the 𝑉𝑉𝜋𝜋 of the modulator) we have an increase in SBS threshold of

approximately 4dB over the normally driven case. This corresponds to an increase of
approximately 15dB in SBS threshold over the CW case, which is comparable to the
estimated value of 16dB as predicted from equation 1.3.1. This increase demonstrates the
possibility of overdriving the phase modulator in order to increase the effectiveness of the
chirp for SBS suppression by phase modulation.
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SBS Threshold Dependence on Phase Modulator Drive Voltage
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Figure 3.5.6 - SBS threshold dependence on Phase Modulator Drive Voltage

Finally, the last candidate for a more efficient pump broadening considered was
an RF noise source. An RF noise source generates a low-passed white (i.e. uniform)
spectrum spanning a given bandwidth while at any given instant, t, having random
frequency, phase, and amplitude components. While the noise source produces a similar
result as the chirp or controlled switching DDS, it must be noted that the extra degrees of
freedom granted by changing the amplitude and phase combined with the random nature
of the switching indeed sets the noise source apart from previous waveforms generated.
The advantage then of an RF noise source for phase modulation with SBS suppression
applications is two-fold.

First the random nature of the noise source frequency

components Ν(𝑡𝑡), amplitudes Α(𝑡𝑡), and phases Φ(𝑡𝑡) intuitively serves to more efficiently
break down the acoustic grating formation as described in Chapter 1. Additionally, since

41
the noise source covers an entire bandwidth of frequencies continuously, it can be seen as
an ideal case, randomly switching DDS with no measurable frequency switching delay.
To validate the above claims experimentally, a noise source with output
bandwidth from 10MHz to 1.5GHz low pass filtered to control output bandwidth and was
used to drive a single phase modulator in the same setup as used previously. The phase
modulated spectrum of the pump is shown in Figure 3.5.7 and shows that the peak power
has been significantly suppressed and that the pump linewidth has been broadened to a
FWHM of approximately 6GHz for a full 1.5GHz noise source. When plugged into
equation 1.3.1 this linewidth is estimated to yield an SBS threshold increase of
approximately 20dBm.

Figure 3.5.7 - Spectrum of the pump phase modulated with a 1.5GHz noise source.
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The results of the test sweeping output bandwidths of the noise source are
displayed in Figure 3.5.8. We note that even with a bandwidth as low as 225MHZ,
corresponding to a resulting pump spectrum FWHM of approximately 900MHz, there is
an observed SBS threshold increase of approximately 12.5dB that is comparable to that
offered by either three VCO tones or a typical DDS chirp and is in good agreement with
the predicted value of 12.8dB SBS threshold increase from equation 1.3.1. Furthermore,
as the bandwidth of the noise source was increased the SBS threshold also increased
following the theoretical trend described by Eq. 1.3.1. In the broadest case, 1.5GHz, an
SBS threshold increase of approximately 19dB was observed, yet again in very close
agreement to the 20dB theoretical prediction. This increase allows for a pump launch
power of 3W into 200m of HNLF and currently represents the highest attained SBS
threshold increase to date, with a narrow-band modulation and a single phase modulator.
Effect of Noise Source Bandwidth on SBS Threshold
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Figure 3.5.8 – Noise Source bandwidth effects on SBS threshold increase

Chapter 4
Investigation: Signal Integrity Analysis
4.1. Experimental Motivation and Introduction
While the effectiveness of phase modulation for the purpose of SBS mitigation is
indisputable, an experimental analysis of the effect that phase modulation has on the
resulting idler from a FOPA system has yet to be recorded. Here, we attempt to develop
a relationship between the most efficient SBS suppressing electrical waveforms presented
in previous chapters and the resulting signal quality at the output of a two-pump FOPA
system. The ensuing analysis is critical in determining the viability of a particular
modulation scheme for SBS mitigation in practical systems.
A two pump FOPA was constructed in order to accurately measure the effect that
imparting significant phase modulation has on the data output from a two pump FOPA.
The most effective waveforms for SBS suppression via phase modulation were selected
as presented in the preceding chapters and included: the 1.5GHz RF noise source; four
VCO generated tones at 60MHz, 180MHz, 540MHz, and 1620MHz; the 50MHz400MHz switching DDS chirp; and the same chirp delivered at 6𝑉𝑉𝜋𝜋 to the phase
modulator.
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The experiment was divided into two distinct test sets of measurements. In the
first system, all four of the waveforms were imparted individually onto the same pump
levels, as defined by the smallest SBS suppression of the methods considered. In this
regime, the obtained gain was close to transparency and well below any presence of SBS
for every modulation system tested.

This configuration was adopted in order to

objectively compare performance of generated idlers for different dithering approaches
under the same gain condition.

In this way, the effect of spectral broadening could be

assumed to be the only contributing factor to any BER degradation measured. In order to
exacerbate the effect of pump phase modulation, the generated idlers were propagated
through 10km of SMF. The propagation of phase modulated signals is known to convert
phase modulation (PM) to amplitude modulation (AM) fluctuations and introduce a
penalty for any spectral broadening present on the idler, thus facilitating the
quantification of different phase modulation scheme penalties.
The second set of tests was performed under maximal gain for each of the phase
dithering approaches.

The maximum gain possible for each system, and therefore

maximum allowable pump power, was determined by only using those pump powers
which did not show any significant effect of the presence SBS on the observed eye
diagrams. Using the same pump powers, the test was re-run propagating the generated
idler through 10km of SMF as before in order to gauge the effect of dispersion on the
amplified and broadened idler.
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4.2. Experimental Setup
There were three primary constituents of the test system used: the transmitter
(TX), the FOPA system, and the receiver (RX). The transmitter, shown in Figure 4.2.1,
was used to generate the input data signal for the amplifier as well as to impart a
controlled level of noise in order to take meaningful BER measurements versus input
optical signal to noise ratio (OSNR). The output of the transmitter thus represented the
input signal for the FOPA, under conditions of varying input signal quality. A laser at
1552nm was used as a signal modulated by an amplitude modulator with a 10gb/s 231-1
pseudo-random bit sequence (PRBS) non-return to zero (NRZ) data , amplified by a low
NF erbium doped fiber amplifier (EDFA) preamplifier, and passed through a variable
optical attenuator (VOA) to control the signal level input into a 3dB coupler.

An

amplified stimulated emission (ASE) noise source was filtered by a 1nm single cavity
fabry-perot (FP) elaton filter, subsequently amplified by an EDFA preamplifier,
attenuated by a VOA to control the noise feeding level, filtered again by a 1nm single
cavity FP etalon filter and passed into a 3dB coupler. The combined output of the 3dB
coupler was attenuated by a final VOA to allow control of the input level introduced into
the FOPA system and finally coupled into the input of the two pump FOPA. The output
of the TX block was tapped to measure the back to back BER and OSNR and the TX was
shown to produce a BER of 10-9 at an OSNR of 15.3dB.
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Figure 4.2.1 - Transmitter: PC - Polarization Controller, PRBS – Pseudo-random Bit Sequence
Data, AM - Amplitude Modulator, EDFA - Erbium Doped Fiber Amplifier, VOA - Variable Optical
Attenuator, OSA - Optical Spectrum Analyzer

The FOPA, depicted in Figure 4.2.2, consisted of one pump laser at 1539nm
which was phase modulated by the current modulation system under test, amplified by a
high power EDFA, filtered by a 2nm double cavity FP etalon filter to suppress noise, and
combined into a wavelength division multiplexer (WDM).

The second pump was

generated at 1580nm, similarly passed through a phase modulator driven by the
waveform system under test, amplified by a high power EDFA with maximum output
power of 3W, and filtered by a 1nm double cavity FP etalon filter before being combined
into the WDM. It is also important to note that polarization controllers were included at
the inputs to the phase modulators, the EDFAs, and the WDM in order to ensure proper
polarization alignment of the pump lasers in the FOPA system [see FOPA reference].
The modulation systems were each precisely tuned in order to offer the maximum SBS
suppression efficiency as previously determined.

The output from the WDM was

coupled with the signal in the 90% port of a 10/90 power coupler while the signal was fed
into a polarization controller prior to the 10% port. The combined pumps were fed into
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the first port of a three port circulator whose second port connected to a spool of HNLF
and whose third port connected to a high resolution OSA for measurement and
monitoring of SBS back-reflection. The HNLF used was 175m long and had a zero
dispersion

wavelength

𝜆𝜆0 = 1562𝑛𝑛𝑛𝑛

with

a

nonlinearity

coefficient

𝛾𝛾 = 0.016 𝑊𝑊 −1 𝑚𝑚−1 and an SBS threshold of approximately 15dBm; the output of
which was fed into the input of the receiver block.

Figure 4.2.2 - Two pump FOPA system. PC - Polarization Controller, RF – Radio Frequency
Waveform, PM - Phase Modulator, EDFA - Erbium Doped Fiber Amplifier, WDM - Wavelength Division
Multiplexer, OSA - Optical Spectrum Analyzer, HNLF – Highly Nonlinear Fiber.

The receiver, depicted in 4.2.3, stripped the high power pumps from the output of
the HNLF using two FP etalons a 2nm double cavity and a 5nm wide double cavity. The
resulting filtered idler power was then measured and passed through a low NF EDFA
preamplifier if the output power was too low for detection. The idler was then passed
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through a final detector 0.6nm since cavity FP etalon, attenuated by a VOA, then passed
through 10km of SMF for dispersion tests, or run directly into the photodetector for tests
with no propagation. The OSNR for each test was measured by tapping the system
output immediately before the detector filter in order to account for the FOPA noise
introduced as well as the EDFA when it was used.

Figure 4.2.3 - Reciever System. EDFA - Erbium Doped Fiber Amplifier, OSA - Optical Spectrum
Analyzer, VOA - Variable Optical Attenuator, SMF - Single Mode Fiber

4.3. Experimental Results
For the near transparency tests, the pump powers into the fiber were set to
250mW resulting in a conversion efficiency of -5dB on an input signal of -10dBm. The
results of the tests run without gain are shown in Figure 4.3.1. In the case without
propagation, all of the phase modulation techniques demonstrate similar signal integrity
penalties, actually demonstrating slight OSNR improvements of about 0.3dB with respect
to the back to back case. The results observed were consistent with expectations since
the only source of PM to AM conversion due to the induced broadening without
propagation would have been from the filters in the system.

The unusual penalty
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experienced by the 6Vπ driven phase modulator case can be attributed to the polarization
modulation (PolM), whereby the particular phase modulators used, beyond their primary
purpose of phase modulation, rotate the polarization of the incoming waves in
correspondence to the driving electrical signal. When driven significantly past Vπ, these
modulators demonstrated significantly greater PolM likely due to the driving voltage
reaching the material maximum.

When this induced PolM is then coupled into

polarization maintaining EDFA boosters it results in unwanted AM and causes a varying
output level, which, in turn, bears an exponential influence on the gain.
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Figure 4.3.1 - Bit Error Rate curves for back to back versus the DDS chirp, VCO tones, Noise
Source, and the Overdriven DDS Chirp with no gain.
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The results from propagating the same generated idlers through 10km SMF are
shown in Figure 4.3.2. In this case, the results reveal the effect of phase modulation
bandwidth on the signal integrity after sufficient propagation.

The DDS chirp

experienced a 0.2 dB penalty as a result of the propagation relative to the FOPA output
case and no penalty at the 10-9 BER level with respect to the back to back measurement.
The noise source driven PM demonstrated a penalty of 0.4dB from the case without
propagation and 0.3dB with respect to back to back. The over-driven DDS chirp system
had the same performance as the no propagation case and a 0.4dB penalty relative to the
back to back case. Finally the VCO tones had a penalty of 1.6dB from the FOPA output
case and a penalty of 1.3dB from the back to back case. The obtained results demonstrate
that the idler broadening introduced by the phase modulation in the case of no gain
represents a negligible effect on the BER even after accumulating 160 ps/nm worth of
dispersion for most cases. The exception is the PM based on the VCO tones which
exhibited extremely high penalties relative to the other cases due to the proportionally
wider bandwidth of this modulation PM approach.
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Figure 4.3.2 - Bit Error Rate curves for back to back versus the DDS chirp, VCO tones, Noise
Source, and the Overdriven DDS Chirp with no gain after passing through 10km of SMF.

The results for the cases with gain are presented in Figures 4.3.3 and 4.3.4 for the
pure FOPA output and propagation cases respectively. The resulting signal degradation
in these cases was exacerbated by the gain introduced in the FOPA. For the VCO tones,
the maximum pump power was 900mW, about 14.5dB above the SBS threshold of the
fiber used producing a conversion efficiency of 18.5dB on an input of -10dBm. The
DDS maximum pump power was 750mW, a 14dB increase on the SBS threshold,
producing a conversion efficiency of 15dB on an input of -10dBm. The overdriven DDS
was able to support pump powers up to 900mW, the same as the VCO tones, producing a
conversion efficiency of 17dB as well on an input of -10dBm. Finally, the noise source
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supported pump powers as high as 1.5W, approximately 17dB above the SBS threshold,
producing a conversion efficiency of 38dB on an input signal of -23dBm.
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Figure 4.3.3 - Bit Error Rate curves with gain for back to back versus the DDS chirp (G=15dB),
VCO tones (G=18.5dB), Noise Source (G=38dB), and the Overdriven DDS Chirp(G=18.5dB).
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Figure 4.3.4 - Bit Error Rate curves with gain for back to back versus the DDS chirp (G=15dB),
VCO tones (G=18.5dB), Noise Source (G=38dB), and the Overdriven DDS Chirp(G=18.5dB) after
propagation through 10km of SMF.

The results without propagation correspond to those expected. Relative to the
case of operation near transparency, the overdriven DDS exhibited similar performance
again affected by the PolM addressed previously. The RF noise source shows a 0.3dB
penalty from the transparency case and a 0.2dB penalty from the back to back case. The
DDS chirp demonstrated an increase of 0.2dB from the transparency case and introduced
almost no penalty relative to the back to back case.

Interestingly, the VCO tones

demonstrated the least penalty maintaining an OSNR increase of about 0.1dB with
respect to back to back, about 0.2dB of penalty from the transparency case.
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After propagating 10km, we see the penalties spread as observed in the
transparency case, this time with increased severity. The penalties for the different
systems relative to back to back were 0.3dB for the DDS chirp, 0.6dB for the overdriven
DDS chirp, 0.8dB for the RF noise source, and 1.5dB for the VCO tones.

These

measured penalties correspond to penalties of 0.3dB for the DDS chirp, 0.3dB for the
overdriven DDS chirp, 0.6dB for the RF noise source, and 2.0dB for the VCO tones.
This result agrees well to the prediction previously stated regarding the dependence of
BER degradation as a result of the introduction of increased linewidth to the idler.
It is important to note that while the maximum recorded pump power allowable
into the fiber under the 1.5GHz noise source modulation was 1.5W, this value was
limited only by 3dB of system losses from the high power boosting EDFA output to the
input of the HNLF and the output power limit of the L-Band EDFA of 3W. It was
confirmed with other equipment unsuitable for the FOPA system used that the noise
source could support optical powers as high as 2.5W, offering significantly higher gain,
however with an unknown signal integrity penalty.

4.4. Experimental Analysis
Before a proper analysis of the OSNR penalties associated with the respective
phase modulation systems can be made, the inherent penalties associated with the FOPA
system regardless of any pump broadening or timing jitter introduced to the system must
be recognized. Previous studies have demonstrated that while the noise figure of FOPA
systems can be relatively low, there is a measurable noise contribution from the FOPA
system that is input signal and gain dependent [22]. It is then necessary to account for the
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penalties introduced to the signal quality strictly by the FOPA itself. In the case of the
tests run without gain (near transparency), the above FOPA-specific impairments are not
pronounced and are easily relatively comparable since the same penalty is incurred in all
of the cases examined. However, for the maximal attainable gain measurements, the
OSNR penalties are not directly comparable since the noise properties of the underlying
FOPA systems are different. While the data is insightful with regard to overall system
quality of the phase modulated systems and their capabilities, it provides a significantly
less direct relative signal integrity comparison between phase modulation systems.
Comparing figures 4.3.1 – 4.3.4, the predicted relationship between the phase
modulation bandwidth and OSNR penalty is confirmed. In the transparency case, we
note that in the absence of dispersion, the system was tuned well enough such that there
was no significant penalty observed between the different modulation schemes from AM
due to filtering with the exception of the overdriven DDS as explained above.
Interestingly, it was observed that due to the polarization sensitive nature of the phase
conjugation (PC) gain in the FOPA system, only the part of the noise co-polarized with
the pumps (i.e. a half of the noise) loaded onto the signal was translated to the generated
idler because of the random polarization nature of the ASE noise. This effect resulted in
an actual OSNR improvement of about 0.3dB relative to the back to back transmitter case
when measurements were taken on the idler directly out of the FOPA in the transparency
case. As noted above the only system penalty, the overdriven DDS with a penalty of
0.4dB relative to back to back, can be attributed to induced instability in the PM by
driving it at such a high peak to peak voltage and thus causing greater PolM than
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observed in other cases. Overall, this data set sets a good benchmark to compare the
subsequent sets to.
Having exposed the idlers to the accumulated dispersion of 160 ps/nm, figure
4.3.2 demonstrates that the effect of the different modulation bandwidths is clear even
when the FOPA is operating in transparency. We note from above that the penalties
incurred on the signal quality by the systems relative to the pure FOPA output were:
0.2dB for the DDS case, 0.4dB for the RF noise source, 0dB for the overdriven DDS, and
1.6dB for the VCO tones case. This trend clearly supports the claim that the penalties
increase with the increased bandwidth of the phase-modulated signal and additionally
gives a relative, quantitative measurement relating the respective penalties.
Under the maximum gain conditions, the trend depicted in figure 4.3.3 supports
the claim that there is a small effect of AM as a result of gain fluctuations resulting from
the broadened idlers. The single outlier is again the overdriven DDS chirp demonstrating
that the penalty as a result of the PolM to AM conversion was substantially greater than
the penalty incurred due to gain modulation. The penalties relative to the back to back
case were, as described above: 0dB for the DDS, 0.3dB for the over-driven chirp, 0.2dB
for the RF noise source, and a 0.1dB increase for the VCO tones system.

These

measurements show the relative penalties of the different amounts of gain in the FOPA
system as well as the minor AM penalty as noted above is quite small. More importantly,
these back to back measurements provide a baseline to measure the effect of propagating
the spectrally broadened idlers through fiber.
Finally, in the case of maximum gain after propagation through SMF, we see
similar results as without gain as shown in Figure 4.3.4, although the penalties associated
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with the different bandwidths are more pronounced. The penalties of the various systems
relative to the back to back case after propagation were: 0.3dB for the DDS, 0.6dB for the
overdriven chirp, 0.8dB for the RF noise source, and 1.5dB for the VCO tones. These
numbers yield relative penalties relative to the FOPA output case of 0.3dB for the DDS,
0.3dB for the overdriven chirp, 0.6dB for the RF noise source, and 2.0dB for the VCO
case. These final noted penalties are particularly important as they represent all four of
the systems operating at full gain and demonstrate the different relative penalties
encountered by propagating the amplified idlers through a dispersive (10km long) link.
This data successfully demonstrates that the signal integrity penalties associated
with imparting phase modulation onto the pump of a FOPA system are directly related to
the FWHM bandwidth of the broadened pump. We also note that when exposed to
dispersion, the penalty particularly of the VCO tones system increases substantially. This
observation is attributed to the random variation of the VCO phases resulting in an
additional broadening of the optical spectrum which, in turn, is translated to an elevated
penalty upon propagation through a dispersive line. Note that this broadening is absent
for the DDS modulation, since the latter has well defined and preserved phases..
Additionally, it is significant to note that by decreasing the bandwidth and increasing the
efficiency of the phase modulation for SBS suppression, we have demonstrated up to
38dB of conversion efficiency gain with an OSNR penalty of 0.8dB from back to back,
which is the smallest recorded FOPA penalty to date for this high amount of gain.

Chapter 5
Conclusions and Future Directions

This study has successfully demonstrated that the signal integrity penalty
associated with imparting phase modulation onto the pumps of a two pump FOPA system
is directly related to the FWHM bandwidth of the broadened pumps. While the result
might seem intuitive in light of previous research, it is significant in its implications for
efficient phase modulation schemes to suppress SBS.

In previous research, it is

consistently noted that the correlation between the expected and experimentally measured
SBS threshold increases due to phase modulation was rather low (typically observed
values were 4-5dB less than expected). This inefficiency coupled with the reality that the
signal quality penalty is directly related to the bandwidth of the phase modulation used
lends inspiration to close the gap between the experimentally demonstrated and the
theoretically predicted results in order to maximize the pump power available to FOPA
systems while preserving optimal signal integrity.
In order to bridge this gap, it was presented that smoothing the discrete nature of
the spectral broadening of the pumps would be necessary. In order to do this, we have
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presented a previously unused electrical waveform generation device for phase
modulation, the DDS which allows for the generation of a rapidly switching electrical
chirp. The DDS enjoys such advantages over the VCO as phase stability, precisely
programmable output frequencies, and fast tunability. In addition, the DDS offers such
practical advantages as seen in the experimental implementation of the systems as ease of
use for highly repeatable results with minimal tuning, small footprint, and a cost
approximately 80% less than that of the current VCO systems in use. The largest
drawback to the DDS when compared to current systems is the limitation on bandwidth
as current systems are limited to a maximum output frequency of 400MHz.

This

limitation, however, can be circumvented in principle by using a combination of RF
frequency multipliers and mixers. While the chirped DDS was found to perform on par
with similar bandwidth VCO systems and thus presented a viable replacement, the
amount of SBS suppression attained for the given bandwidth was still less than initially
expected. The outcome is a consequence of the nonlinear nature of phase modulation, in
which although the modulating signal is a flat uniform chirp, the phase modulated optical
signal is staircase shaped, reducing the effectiveness of SBS suppression. The optimal
flat optical chirped waveform was successfully generated by overdriving the phase
modulator. Although the last phase modulation method resulted in the predicted higher
achievable gain, its performance fell short of expectations due to parasitic polarization
modulation (PolM) exhibited by the particular phase modulators used. This effect
manifested itself in approximately 1.6 dB of penalty with respect to the regularly driven
phase modulation. This unfortunate artifact can be easily circumvented using a properly
manufactured phase modulator in future experiments.
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An alternate device to the DDS for continuous spectral broadening via phase
modulation is the RF noise source. The noise source does not suffer from any necessary
frequency switching as the system continuously generates a waveform that is random in
amplitude, frequency, and absolute phase.

Using the noise source to generate the

modulation waveform, increases of up to 19dB in the SBS threshold were measured using
a single phase modulator and only 1.5GHz of electrical bandwidth, closely matching the
theoretical predictions. The noise source was thus shown to close the gap between the
predicted and experimentally measured SBS threshold increases.
While the SBS threshold increases are an important outcome of this work, the
focus was on the resulting signal integrity at the output of a two pump FOPA system.
Many studies have been made into SBS suppression, however very few have run
complete transmission tests on systems employing the SBS suppression methods
proposed. By running BER tests for signal integrity both with and without gain and with
and without propagation through a dispersive link, we have successfully confirmed the
positive relationship between the bandwidth of the broadened pump and the OSNR
penalty in the measurement of the BER. In addition to this confirmation, we have
demonstrated that the relationship between signal quality degradation and the bandwidth
of the electrical waveform used for phase modulation enables the extraction of very high
quality idlers from the two pump FOPA system both with and without gain.
While the overall results of the BER measurements of the system demonstrated
low penalties for all of the phase modulation systems in general, there were still
distinctions between the systems. Of particular note are the results concerning the DDS
operating with 15dB conversion efficiency which experienced virtually no measureable
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penalty versus the case with no gain, even when propagated through 10km of SMF. This
resulted in an overall OSNR penalty of only 0.3dB from back to back relative to the
1.5dB penalty experienced by the similarly performing VCO tones, indicating that the
350MHz bandwidth of the chirp used was sufficiently small to minimize the signal
integrity penalty in this system. Additionally, the highest gain measured using the two
pump FOPA system was attained using a 1.5GHz noise source providing 38dB
conversion efficiency gain to the idler with a penalty of only 0.8dB after propagating
through 10km of SMF, which is the smallest penalty in a FOPA of comparable gain
recorded to date, and thus serves as a justification for the undertaken project.
Overall the results clearly demonstrate the effectiveness of phase modulation as
an SBS mitigation technique in two pump FOPA systems. The work done has presented
a number of highly effective and easily implemented phase modulation systems that
provide equal or greater suppression than any system currently demonstrated to date. In
particular, the ease of use coupled with increased efficiencies and incredible signal
integrity performance of the DDS chirp and RF noise source provide promising progress
in efficient SBS suppression using phase modulation, while incurring negligible
penalties.
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