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Highly nonlinear and dispersion flattened fiber
design for ultrafast phase sensitive amplification

H. Tilanka Munasinghe, Shahraam Afshar V., & Tanya M. Monro

Abstract—The properties of phase sensitive amplification
(PSA) in highly nonlinear fibers are studied. We present a soft
glass fiber designed for high nonlinearity and broadband, low
dispersion and simulate its performance as a PSA device for
ultrafast bitrate signals at 640 Gb/s. The effect of the fiber design
parameters on its PSA performance have been studied and the
final design has been optimised using a genetic algorithm to
have a high nonlinearity and low, flat dispersion. This design
has subsequently been compared to other highly nonlinear fibers
in order to highlight the effect of both using soft glass and the
design and optimisation technique. Modelled fiber performance
shows squeezing of phase noise in a 5 m length of fiber with
32 dBm total power in the signal and pumps. The fiber length
we have used in our model is two orders of magnitude shorter
than the state of the art silica based PSA devices for comparable
power levels. In addition, fabrication tolerance modelling is done
to show that our fiber design is better able to manage fluctuations
in the dispersion due to the high nonlinearity.

Index Terms—Nonlinear fiber optics, soft glass, microstruc-
tured optical fiber, four wave mixing, phase sensitive amplifica-
tion, broad band telecommunication networks, optical commu-
nication.

I. INTRODUCTION

PHASE sensitive amplification is a parametric amplifi-
cation process that has long been known in quantum

mechanics as a mechanism for producing so-called ’squeezed
states’ of light [1], [2]. In the classical regime phase sensitive
amplification has potential for all optical noise reduction and
this has recently attracted considerable interest due to its
numerous optical signal processing applications [3-6].

One application of particular interest is the reduction in
phase noise introduced during transmission of phase modu-
lated signal formats such as differential phase shift keying
(DPSK). Such phase-keyed formats are generally considered
more robust and offer many advantages compared to traditional
on-off keyed (OOK) formats including extended transmission
distance and enhanced line capacity [3], [4]. In addition to
facilitating the use of DPSK type formats phase sensitive am-
plifiers can also, in principle, operate with a theoretical noise
figure of 0 dB - as opposed to phase insensitive counterparts
such as Erbium Doped fiber Amplifiers (EDFAs) which have
a quantum noise limit of 3 dB [5], [6]. Recent work has, in
fact, experimentally demonstrated a phase sensitive amplifier
with a record low 1.1 dB noise figure [7].

In fiber optic systems phase sensitive amplification can
be realised either through the use of a nonlinear optical
loop mirror (NOLM) [8], [9] or via four wave mixing [14-
16] . While both have successfully been demonstrated, the
four wave mixing approach is advantageous as it offers the

possibility of using multiple channels and therefore supports
wavelength division multiplexing (WDM) type applications.
But experimental realisation of phase sensitive amplifiers using
four wave mixing has been difficult due to the need to maintain
a fixed phase relationship between the signal and the pumps
at the input [10].

However, recent work [11] has shown that this can be over-
come by generating the pump waves from part of the signal
before amplifying it in a two-stage process. This ’black box’
configuration automatically locks the phase of the pump and
signal waves and offers a pragmatic approach to processing
real world signals.

While the experimental configuration is an important prac-
tical consideration, the nonlinear medium in which the para-
metric process occurs is crucial to the efficient functionality
of the device. To date, dispersion shifted silica based Highly
Nonlinear fibers (HNLFs) with nonlinearities in the order of 10
W−1km−1 are the standard in fiber based systems. The low
loss and robustness of these fibers make them attractive for
such telecoms applications but their low nonlinearity, relative
to soft glass fibers, render the operating length of fiber to be
a few hundred metres.

This paper explores the premise that switching to soft glass
microstructured fibers enables one to access a regime where
the gain, per length, is both higher and, by design, can be
prevalent over a broad band. This allows us to potentially
fabricate devices with fiber lengths in the order of meters,
compared to the hundreds of metres that are generally required
when using silica based HNLFs. For some applications there
may also be a significant reduction in the required optical
power, to sub Watt levels. A broad operation bandwidth is also
important for the management of telecommunication networks
as they move into the next generation, where high signal
bitrates approaching 1 Tb/s and beyond become more common
[12].

We present a fiber design that could potentially work in
a dual pump scheme to squeeze phase noise in an ultrafast
signal at 640 Gb/s. Phase sensitive amplification at such speeds
has hitherto not been demonstrated, either experimentally or
numerically - it is roughly 16 times faster than the highest
bit rates that have been investigated. A consequence of the
high bit rate of the signal is it requires that the fiber design
to be able to operate over a broad bandwidth. The fiber we
have designed is based on soft glass and has been designed
to provide nonlinearity (γ = 1099 W−1km−1 at 1550nm)
orders of magnitude greater than silica based HNLF and has its
dispersion tailored to be low across the telecoms wavelengths
with the zero dispersion at 1550 nm.
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The fiber design was developed in terms of a set of geo-
metric parameters that could be fed into a genetic algorithm in
order to optimise its critical properties, namely the nonlinearity
and dispersion. The individual effect of these parameters on
the fiber properties has been shown in order to emphasise
the need to use an optimisation technique such as a genetic
algorithm for such complex fiber designs.

The performance of the fiber was then evaluated numer-
ically, showing that we are able to squeeze phase noise
in a 640 Gb/s signal stream without a significant penalty
in terms of amplitude noise. Additionally, we are able to
demonstrate this with a relatively short fiber length and total
power (pumps and the signal) of 32 dBm. The total power is
comparable to the state of the art in silica based PSA devices,
however the fiber length is two orders of magnitude shorter.
We have also modelled the effect of structural deviations that
may occur during fabrication on the PSA performance. This
modelling shows that, due to the optimised dispersion and high
nonlinearity of the fiber, we are able to tolerate reasonably
expected deviations in the dispersion profile of the fiber quite
well.

II. THEORY OF PHASE SENSITIVE AMPLIFICATION

In this paper we consider the case of two pump degenerate
four wave mixing (FWM), where the frequency condition
2ωs,i = ωP1 +ωP2 is satisfied, i.e. where the signal and idler
are degenerate and lie between the pumps. The signal, idler
and pump waves are also assumed to be coplanar. A theoretical
description of this scenario, along with some others, is well
covered in [13]. The same formalism is adopted here.
AP1 and AP2 represent the field amplitudes at the pump

wavelengths and As,i is the field at the degenerate signal/idler
wavelengths. The fiber nonlinearity is represented by the
nonlinear coefficient γ and ∆β is the phase mismatch, defined
below in Eq. (5). After propagation the final output As,i can be
written as below, in terms of the transformed signal amplitude
Bs,i and transfer functions µ and ν.

As,i(z) = Bs,i(z) exp[−i∆βz/2 + i3γ(PP2 +PP1)z/2] (1)

Bs,i(z) = µ(z)Bs,i(0) + ν(z)B∗s,i(0) (2)

µ = cosh(gz)− i κ
2g

sinh(gz) (3)

ν = i
2γAP1(0)AP2(0)

g
sinh(gz) (4)

The input pump fields are given by AP1(0) and AP2(0)
and we have used the quantities ∆β, κ, and g for the phase
mismatch, phase matching factor and parametric gain, respec-
tively. They are defined below, where βs,i is the propagation
constant at the signal/idler wavelength, while βP1, βP2 are
those for the two pumps. The pump powers are denoted by
PP1 and PP2, where PPi = |APi|2(i = 1, 2).

∆β = 2βs,i − βP1 − βP2 (5)

κ = ∆β + γ(PP1 + PP2) (6)

g =

(
4γ2PP1PP2 −

κ

2

2
)1/2

(7)

Note that given Eq. (7), the transfer functions satisfy the
condition |µ|2 − |ν|2 = 1. The phase dependant nature of the
gain can be easily seen by considering the simple case where
the phase is perfectly matched such that κ = 0. In this case
we can write

Bs,i(z) = cosh(gz)Bs,i(0) + i sinh(gz)B∗s,i(0) (8)

=
egz + e−gz

2
Bs,i(0) + i

egz − e−gz

2
B∗s,i(0)

= egz
Bs,i(0) + iB∗s,i(0)

2
+ e−gz

Bs,i(0)− iB∗s,i(0)

2

Showing that the signal quadrature 1
2 [Bs,i(0) + iB∗s,i(0)] is

amplified by the factor egz while the 1
2 [Bs,i(0) − iB∗s,i(0)]

quadrature is attenuated by the same factor. Thus the phase
sensitive gain, given by the ratio of the amplified factor to the
attenuated one is given by GPSA = e2gz .

This analytical description illustrates the nature of phase
sensitive amplification for the two-pump scheme. The gain
factor, g, presented in this analysis (see Eq. (7)) is crucial in
determining how well a fiber may work as a PSA device and
is therefore used in the optimisation procedure of the fiber
design. However it should be noted that the above analysis is
only valid in the small signal regime where the pumps are not
depleted. Hence, in this paper pulse propagation is performed
numerically to evaluate the PSA performance without the need
for the small signal approximation. This allows us to, for
instance, evaluate PSA performance in the saturated regime
where the pumps are depleted.

III. FIBER DESIGN

We see from Eq. (5) to (7) that the gain for the nonlinear
four wave mixing process is largely determined by wavelength
dependance of the propagation constant. Mainly because this,
in turn, determines the amount of phase mismatch, ∆β be-
tween the signal/idler and pump waves. Additionally, as we
see from Eq. (6) and (7), the nonlinearity of the fiber is also
important. Given that γ(PP1 + PP2) is a slow function of
λ, low dispersion slope is an important design consideration
for efficient device functionality, along with a high nonlinear
coefficient.

For the initial fiber design we considered a high index
soft glass material for high nonlinearity. The choice of soft
glass is important for two reasons. The first being the access
to high intrinsic material nonlinearity, as is typical for high
index glasses, in accordance with Miller’s rule [14] (which
states that the nonlinear refractive index is approximately
proportional to the linear refractive index). The second is
the relatively low softening point (typically a few hundred
degrees) that allows extrusion into complex structures, such
as the hexagonal structure shown in Fig. 1.
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Fig. 1: Initial fiber geometry used in the genetic algorithm.
The fiber parameters shown above were used to optimise the
design for low dispersion and high nonlinearity

The specific material chosen for the fiber design was one
of the Asahi bismuth-oxide glasses, BIAB061. This glass is
well suited for the fabrication of highly nonlinear fibers due
to its high nonlinear index, n2, of 3.2× 10−19 m2W−1 [15],
an order of magnitude higher that that for fused silica [16]. In
addition, the glass is also known to have good mechanical and
thermal stability which aids the fabrication process. Bismuth
oxide glasses have been used extensively for the fabrication
of high quality microstructured optical fibers [17], [18]

The geometry of our initial fiber design is a hybrid hexag-
onal/suspended core design type structure for dispersion en-
gineering. We call this structure a ’hexagonal wagon wheel’
(HWW). The HWW geometry is based on previous work [19]
which focused on designing dispersion engineered fibers for
supercontinuum generation in the mid infrared [20]. It consists
of a suspended core containing a ring of holes, as shown
in Fig. 1. The size and placement of the holes in the core
region enables control of the waveguide dispersion while the
suspended core provides high confinement. The latter both
minimises confinement loss and increases the nonlinearity.
Note that the geometry shown in Fig. 1 contains only the core
region of the fiber. Since we used a Finite Element Method
(FEM) model to calculate the dispersion and nonlinearity of
the fiber, including the cladding region would only have added
to the computation time without providing any additional
useful information.

As in [20], [21] we optimise this structure by first parame-
terising it in terms of R1, R2, R3, R4, R5, r1, r2, r3, L1 and
L2. Of those parameters, the ones that determine the dispersive
and nonlinear properties of the fiber are R1, R2, R3, R4 r1
and r2 - the rest effectively serve to hold the structure together
and have no effect on the guidance of the fiber.

The parameters r1 and R1 are used to describe a circular
ring of three holes around the centre of the fiber - r1 is the
radius of these holes and R1 is the distance between the centers
of these holes and the centre of the fiber. Similarly, r2 and R2
describe a second ring of holes, interleaved with the first. In
general, to achieve fine dispersion control, we must consider
independently varying r1, r2, R1 and R2 i.e., two sets of

inner holes, each with a different radius and distance away
from the centre. However, such a design presents significant
fabrication challenges. Therefore, in the interests of designing
a fiber that is within reasonable fabrication limits we have
set r1 = r2 and R1 = R2. The parameters R3 and R4 largely
determine the radius of the suspended core region. They affect
the confinement of the mode and, in turn, the dispersion and
the nonlinearity of the fiber.

While each individual parameter has an effect on the guid-
ance of the mode within the fiber, it is the complex interplay
between them that determines the final fiber properties. There-
fore, even though it may be possible to infer trends for indi-
vidual parameters, the effect of varying multiple parameters
simultaneously is difficult to ascertain and predict with any
confidence, without performing extensive simulations. Thus
the need for a genetic algorithm type optimisation procedure.
The final values obtained through this optimisation procedure
are shown in Table I.

TABLE I: Optimal parameter set

Parameter(s) Value

r1, r2 120 nm

R1, R2 619 nm

R3 810 nm

R4 1.66 µm

In Fig. 2. below we show the effect of varying each
parameter (about the ideal, optimised value obtained from the
genetic algorithm) on the zero dispersion wavelength (ZWD)
and nonlinear coefficient at 1550 nm. In all cases, when one
parameter is varied the others are held constant.
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Fig. 2: The effect of varying individual parameters on disper-
sion and nonlinearity

We see that as the size of the inner holes (r1, r2) decreases,
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the ZDW moves to shorter wavelengths while the nonlinear
coefficient gets smaller; as the radial distance of the holes from
the center of the fiber (R1,R2) increases, the ZDW moves to
shorter wavelengths while γ gets smaller ; as the core diameter
(R3) increases, the ZDW moves to longer wavelengths while γ
again gets smaller. We also see that, as expected, the sensitivity
to r1, r2 is noticeably smaller since these parameters are of
subwavelength dimensions.

In our genetic algorithm we have used a fitness function
defined as in Eq. (9). Where γs,i is the nonlinear coefficient
at the signal/idler wavelength and Dj are the group velocity
dispersions for a set of wavelengths, λj , in the band of interest.

F =
γs,i∑

j

|Dj |
(9)

This function serves as a figure of merit when evaluating
the goodness of a particular set of input parameters within a
’population’ of input parameter sets. Its physical significance
is that it highlights those members (where each member is
a set of input parameters) of the population that have high
nonlinearity and low dispersion in the band of interest. The
search heuristic then considers multiple sets of parameters
(each being a candidate solution to the optimisation problem)
as individuals in a population of solutions and evolves them
towards better solutions, based on their fitness [22]. This type
of evolutionary algorithm is routinely used in optimisation
problems and has been used before for dispersion tailoring
of microstructured optical fibers [23].

Fig. 3: Optimised fiber design (core region)

The final fiber design is shown in Fig. 3. This fiber has
a group velocity dispersion D = 0.14 ps−1nm−1km−1 and
nonlinear coefficient γ = 1099 W−1km−1, respectively at
the telecoms wavelength of 1550 nm. Similar dispersion
flattened nonlinear fibers have been fabricated recently [24],
[25] showing the promise of highly nonlinear soft glass fiber
designs for telecommunications applications [26], [27].

The power of this technique is seen by comparing the
parametric gain g as a function of pump separation for the
dispersion engineered MOF designed here with other highly
nonlinear fibers. In Fig. 5 below we have looked at the gain
for four types of fiber: (a) commercially available silica HNLF
with flattened dispersion and ZDW at 1550 nm; (b), (c) two
types of Bismuth-air step index fiber; and (d) the dispersion
engineered fiber we have described above. In (b) the core
diameter has been set to 3.6 µm so that the zero dispersion
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Fig. 4: Modelled dispersion and nonlinearity

wavelength is at 1550 nm (the same as the designed MOF).
The fiber in (c) is exactly the same as (b), but for its nonlinear
coefficient which has been artificially raised to match that of
the designed MOF.
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Fig. 5: Gain bandwidth for dispersion engineered fiber MOF
compared to other highly nonlinear fibers. In the figures above
P represents the power in either pump and the gain is defined
as in Eq. (7). In all plots the ZDW is at 1550 nm.

For similar values of pump power, the gain per length
gets successively higher and broader as we move from the
silica fiber to the soft glass fibers, with the best performance
being that of the dispersion engineered HWW fiber. By just
maintaining the ZDW and increasing the γ value through the
use of a material with a higher intrinsic nonlinearity the gain,
per length, in (b) is already orders of magnitude higher and
covers a broader band, relative to that in (a). The best gain
has been achieved by combining dispersion flattening with
high nonlinearity through the use of microstructure - as we
have done with our optimised MOF. The gain in this case
[i.e. (d)] is even significantly better that in (c) where we have
artificially increased the nonlinear coefficient of the Bismuth-
air step index fiber. This highlights the benefits of using soft
glass based designs, both in terms of high material nonlinearity
and the ability to specifically tailor and optimise the dispersion
profile through the use of microstructure.
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To achieve similar gain in a conventional silica HNLF one
would require significantly higher pump powers or longer
lengths, compared to the dispersion tailored, soft glass MOF.
Generally, if the total power into the fiber is to be kept at a
few Watts the required length of silica HNLF is of the order of
a few 100 metres. In addition to this, the operating bandwidth,
which is determined by the pump separation, of a Silica based
HNLF is lower, irrespective of length. This is due to the fact
that the region over which g is nonzero and real is narrower,
as seen in Fig. 5.

IV. MODELLING OVERVIEW

Next, the performance of the designed MOF as a PSA de-
vice was analysed using a split-step Fourier pulse propagation
model of the nonlinear Schrödinger equation (NLSE) [28],
[29]. We use this numerical simulation method instead of the
simplified coupled four wave equations as it allows us to more
closely simulate real conditions. Pump depletion, for instance,
and cascaded four wave mixing are not ignored and, as we
show later, this allows us to consider the effect of saturation
on the signal regeneration process.

The form of the NLSE in the time domain is shown in Eq.
(10t), for a pulse with envelope A. Note that we have moved
to the reference frame of the pulse where T = t− z/vg .

∂A

∂z
=− α

2
A+

∑
k>2

ik+1

k
βk
∂kA

∂tk

+ iγ

[
1 + iτshock

∂

∂T

]
×
[
A

∫
R(T ′)|A(z, T − T ′)|2dT ′

]
(10)

The first term on the right hand side includes the effect of
loss thorough the absorption coefficient α; the second term
gives us the effect of dispersion through βk (the coefficients
of the Taylor series expansion of the propagation constant
β(ω) around the frequency ω0); the third term handles all the
nonlinear effects and includes the optical shock time, defined
below [30].

τshock =
1

ω0
− 1

neff (ω0)

∂neff (ω)

∂ω

∣∣∣∣
ω0

− 1

Aeff (ω0)

∂Aeff (ω)

∂ω

∣∣∣∣
ω0

(11)

Where neff and Aeff are, respectively, the effective indices
and effective areas of the propagating mode and ω0 is the
angular frequency about which the pulse is centred. The
nonlinear response function R(t) contained in Eq. (11) is given
by [30].

R(t) = (1− fR)δ(t) + f(R)hR(t) (12)

The δ-function in the first term of Eq. (12) represents the
instantaneous electronic response. This is responsible for all
Kerr type effects such as self and cross phase modulation,
along with four wave mixing. The second term represents

the delayed Raman response of the ions in the glass. It
is evaluated using the Raman fraction fR and the Raman
response function hR(t). For bismuth oxide glasses such as
the one considered here the Raman gain may be evaluated
using the Raman response function in [31] - where the Raman
gain coefficient gR/Aeff , as a function of frequency shift ∆f ,
is shown to have two peaks of approximately 0.013 W−1m−1

(at ∆f = 0.64 THz) and 0.011 W−1m−1 (at ∆f = 1.9 THz);
and goes to zero for frequency shifts larger than 3.2 THz.Thus,
given the short fiber length, relatively low pump power and,
most importantly, the fact that the pump-signal separation (29
nm = 3.7 THz) is larger than the Raman gain bandwidth of
the first pump (at 1521 nm) we have not considered Raman
effects in our simulations.

Additionally, It should be noted that since, as part of the
split step method, the linear (dispersive) part of the equation is
solved in the frequency domain through a β(ω)Ã(z, ω) term
the full effect of higher order dispersion is included in the
simulation.

V. SIMULATION RESULTS

It is well known that by operating parametric amplifiers in
the saturation regime one may limit or squeeze the amplitude
of a train of input pulses. The signal gain is said to be
saturated when the output power does not increase for further
increases in the input signal power, past the saturation point.
This happens mainly due to depletion of the pump energy
[32] and is a useful mechanism for suppressing amplitude
fluctuations.
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Fig. 6: Simultaneous reduction in amplitude noise ripple and
amplification for a train of 640 Gb/s pulses

The noise suppression effect of operating in the gain
saturation regime was first studied in semiconductor optical
amplifiers (SOAs) [33], [34] before being demonstrated in
fiber parametric optical amplifiers (FOPAs) [35]. Since four
wave mixing based amplification also preserves phase, gain
saturation is particularly useful for performance improvement
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of DPSK signals [36], [37] as it counteracts the phase-to-
amplitude noise conversion aspect of the transfer function.

The effect of saturation is seen in Fig. 6 where we see
good power equalisation of the output pulses. For the input,
we defined a train of 640 Gb/s pulses with equal pulse width
and pulse separation of 78.1 ps. The simulated pump power
and fiber length were 0.8 W (in each pump) and 53 cm,
respectively. The fiber loss was set to be 2 dB/m.

We may quantify this by defining a ripple factor in the
amplitude noise as Pr = ∆P/PRMS , where ∆P is the
difference in power between the lowest and highest signals
and PRMS is the root mean square power. We then see that
the amplitude noise ripple is reduced by 7.9 dB while the RMS
power is amplified by 2.6 dB.

In order to achieve phase squeezing we have considered a
four wave mixing scheme similar to [11], where the signal
and idler are degenerate at 1550 nm and the two pumps
are placed symmetrically apart (in frequency) such that the
pump wavelengths are λP1 = 1521.1 nm and λP2 = 1580.0
nm. By having such a large pump to pump separation we
minimise interactions between the two pumps and allow for
high bandwidth signals. The fiber loss was again set to be 2
dB/m. We then ran the model on a train of noisy 640 Gb/s
DPSK type input pulses which were defined, as earlier, to have
equal width and separation of 78.1 ps. Noise was introduced
into both the phase and the amplitude through a random
number generator such that we would have a scatter of points,
on a polar plot, similar to those obtained after transmission of
DPSK pulses in a real system.

90
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180 0

90

270

180 0

Fig. 7: Squeezing performance for 640 Gb/s pulses. The fiber
length l = 5 m, pump powers PωP1

= PωP2
= 0.8 W and

signal power Pωs = 0.35 W

The results, seen in Fig. 7, show squeezing of over 90◦

phase noise to just over 20◦ without a significant penalty in
amplitude noise. This level of squeezing is comparable to what
has currently been achieved experimentally at bit rates of 40
Gb/s, but is demonstrated here for an ultrafast, broadband input
signal at 640 Gb/s. Note that the rotation in absolute phase of
the signals due to the buildup of linear phase as the pulses
propagate down the fiber is not important for differentially
encoded formats like DPSK. In any case, the absolute phase
can be rotated by changing the pump phases appropriately.

VI. EFFECT OF STRUCTURAL DEVIATIONS IN FIBER
DESIGN ON PSA PERFORMANCE

By designing a MOF to have high gain within relatively
short lengths it can tolerate both the effect of variations in
the zero dispersion wavelength due to structural fluctuations
along the fiber length and the inevitable deviations from the
ideal structure that happen during fabrication.

Fig. 8 shows the variations in fiber dispersion and nonlin-
earity for deviations from the ideal structure. These structures
have been numerically altered from the ideal case by uniformly
stretching/contracting the fiber parameters by -10%, +10% and
+20%, relative to the the ideal case (the ideal structure has also
been included for comparison). Fabrication of fibers similar to
the one that has been designed here indicate that fabrication
distortion does indeed lead to a final structure where the
key structural parameters are scaled by approximately 10%,
relative to the ideal design [25].
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Fig. 8: The effect, on dispersion and nonlinearity, of scaling
the fiber design.

The most significant change is seen in the -10% case
where the zero dispersion wavelength moves to a much shorter
wavelength, relative to the ideal case. For the other cases we
notice much less fluctuation in the dispersion. The change in
the nonlinearity is as expected - as the structure gets smaller
γ increases due to the mode being more confined, while an
increase in size leads to less confinement and a lower γ.

As dispersion and nonlinearity curves by themselves don’t
paint the entire picture of PSA we have also looked at the
phase responses for these structures - shown in Fig. 9. The
phase response here is defined as the gain of the input signal as
a function of its initial phase. As is typical for phase sensitive
amplification, the phase responses show the gain periodically
oscillating with phase where the input signal phases for which
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the gain is highest are separated from those for which the
gain is lowest by π/2. Ideally, one would want this gain
discrimination to be as large as possible as it determines how
’tightly’ the phase noise is squeezed.
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Fig. 9: Phase response for deviations from the ideal fiber
structure: ideal structure -10% (top left), ideal structure (top
right), ideal structure +10% (bottom left), ideal structure +20%
(bottom right)

We see that as the performance of the fiber design suffers
considerably for a change in the structure of -10%. However,
the results also show that the fiber performance in the 100% to
120% range is quite similar. In some instances, such as for the
+10% case, the squeezing is slightly improved, albeit with less
amplitude gain. Given this tradeoff we believe the ideal design
is still the best case. However the similar performance shown
in (b), (c) and (d) indicate that the high nonlinearity of this
fiber allows us to tolerate fluctuations in the dispersion at the
signal wavelength quite well, provided it remains sufficiently
small and normal.

This indicates that we are able to get good fabrication
tolerance by aiming for a structure that is slightly larger
than the optimal design. Note that, for comparison, these
simulations were all done with the same values of pump and
signal power and phase. By optimising these parameters one
may improve the performance of a non ideal structure even
further, to bring it closer to the response of the ideal fiber.

VII. CONCLUSION

We have designed an optical fiber using a genetic algorithm
based technique to have low dispersion and high nonlinearity
at the telecoms wavelength of 1550 nm. Its performance
has been simulated numerically using a split-step Fourier
analysis of the NLSE, indicating that this fiber could be used
to perform broadband phase sensitive amplification for high
speed telecommunication networks, operating at speeds up to

640 Gb/s. The fiber design has a high gain and short operating
length. Analysis of performance when subjected to structural
variations that are expected during fabrication show that we
are able to compensate against such changes in the dispersion
profile, mostly due to the high nonlinearity.

It is worth highlighting the fact that the fiber length used
in these simulations is only 5 m, which is two orders of
magnitude lower than the lengths generally used in silica
HNLF based PSA devices. This is not only useful for building
compact devices but may be used to simultaneously perform
phase and amplitude amplification without the need to sup-
press the Stimulated Brillouin Scattering (SBS). Although this
will need to be investigated experimentally once the fiber is
fabricated, the Brillouin coefficient for Bismuth oxide based
nonlinear fibers has been shown to be an order of magnitude
less than a silica based HNLF [38].

Further work will focus on fiber fabrication and device
integration.
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[12] J. Schröder, T. Vo, Y. Paquot, and B. Eggleton, “Breaking the tbit/s
barrier: Higher bandwidth optical processing,” Optics and Photonics
News, vol. 23, no. 3, pp. 32–37, 2012.



8

[13] C. McKinstrie and S. Radic, “Phase-sensitive amplification in a fiber,”
Opt. Express, vol. 12, no. 20, pp. 4973–4979, 2004. [Online]. Available:
http://www.opticsexpress.org/abstract.cfm?URI=oe-12-20-4973

[14] C. Garrett and F. Robinson, “Miller’s phenomenological rule for com-
puting nonlinear susceptibilities,” Quantum Electronics, IEEE Journal
of, vol. 2, no. 8, pp. 328–329, 1966.

[15] H. Ebendorff-Heidepriem, P. Petropoulos, S. Asimakis, V. Finazzi,
R. Moore, K. Frampton, F. Koizumi, D. Richardson, and T. Monro,
“Bismuth glass holey fibers with high nonlinearity,” Opt. Express,
vol. 12, no. 21, pp. 5082–5087, Oct 2004. [Online]. Available:
http://www.opticsexpress.org/abstract.cfm?URI=oe-12-21-5082

[16] D. Milam, “Review and assessment of measured values of the nonlinear
refractive-index coefficient of fused silica,” Applied optics, vol. 37, no. 3,
pp. 546–550, 1998.

[17] H. Ebendorff-Heidepriem, P. Petropoulos, S. Asimakis, V. Finazzi,
R. Moore, K. Frampton, F. Koizumi, D. Richardson, and T. Monro,
“Bismuth glass holey fibers with high nonlinearity,” Optics Express,
vol. 12, no. 21, pp. 5082–5087, 2004.

[18] K. Kikuchi, K. Taira, and N. Sugimoto, “Highly-nonlinear bismuth
oxide-based glass fibers for all-optical signal processing,” in Optical
Fiber Communication Conference. Optical Society of America, 2002.

[19] S. Afshar V, W. Zhang, H. Ebendorff-Heidepriem, and T. Monro, “Small
core optical waveguides are more nonlinear than expected: experimental
confirmation,” Optics letters, vol. 34, no. 22, pp. 3577–3579, 2009.

[20] W. Q. Zhang, S. Afshar V., and T. M. Monro, “A genetic
algorithm based approach to fiber design for high coherence
and large bandwidth supercontinuum generation,” Opt. Express,
vol. 17, no. 21, pp. 19 311–19 327, Oct 2009. [Online]. Available:
http://www.opticsexpress.org/abstract.cfm?URI=oe-17-21-19311

[21] W. Q. Zhang, J. E. Sharping, R. T. White, T. M. Monro,
and S. Afshar V., “Design and optimization of fiber optical
parametric oscillators for femtosecond pulse generation,” Opt. Express,
vol. 18, no. 16, pp. 17 294–17 305, Aug 2010. [Online]. Available:
http://www.opticsexpress.org/abstract.cfm?URI=oe-18-16-17294

[22] L. Davis, Handbook of genetic algorithms. Van nostrand reinhold,
1991.

[23] F. Poletti, V. Finazzi, T. Monro, N. Broderick, V. Tse, and D. Richardson,
“Inverse design and fabrication tolerances of ultra-flattened dispersion
holey fibers,” Optics Express, vol. 13, no. 10, pp. 3728–3736, 2005.

[24] F. Poletti, X. Feng, G. Ponzo, M. Petrovich, W. Loh, and D. Richardson,
“All-solid highly nonlinear singlemode fibers with a tailored dispersion
profile,” Optics Express, vol. 19, no. 1, pp. 66–80, 2011.

[25] W. Q. Zhang, H. Ebendorff-Heidepriem, T. M. Monro, and S.
Afshar V., “Fabrication and supercontinuum generation in dispersion
flattened bismuth microstructured optical fiber,” Opt. Express,
vol. 19, no. 22, pp. 21 135–21 144, Oct 2011. [Online]. Available:
http://www.opticsexpress.org/abstract.cfm?URI=oe-19-22-21135

[26] A. Camerlingo, F. Parmigiani, X. Feng, F. Poletti, P. Horak, W. Loh,
D. Richardson, and P. Petropoulos, “Multichannel wavelength conver-
sion of 40-gb/s nonreturn-to-zero dpsk signals in a lead–silicate fiber,”
Photonics Technology Letters, IEEE, vol. 22, no. 15, pp. 1153–1155,
2010.

[27] A. Camerlingo, F. Parmigiani, X. Feng, F. Poletti, P. Horak, W. Loh,
D. Richardson, and P. Petropoulos, “Wavelength conversion in a short
length of a solid lead–silicate fiber,” Photonics Technology Letters, IEEE,
vol. 22, no. 9, pp. 628–630, 2010.

[28] T. Taha and M. Ablowitz, “Analytical and numerical aspects of certain
nonlinear evolution equations. ii. numerical, nonlinear schrödinger equa-
tion,” Journal of Computational Physics, vol. 55, no. 2, pp. 203–230,
1984.
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