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ABSTRACT

KEYWORDS: Fiber optic parametric amplification; Phase insensitive (PIA) and

phase sensitive (PSA) amplification; SBS suppression; SOA;

MSSI

The necessity of operating long haul optical commuincation links under higher OSNR

conditions has renewed the research interests in fiber optic parametric amplifiers (FOPA),

especially phase sensitive amplification. Phase sensitive amplification (PSA) promises

a noise figure of−3 dB compared to typical 3 dB quantum limit of Erbium doped fiber

amplifiers (EDFA). The challenges in realising PSA in fibers lies in the complexity of

the setup arising from stimulated Brillouin scattering and phase locking of signal, pump

and idler waves. This report focuses on the theoretical analysis of PSA and PIA, and

the experimental realisation of the same using phase modulation for SBS suppression.

This report also evaluates SOA as a potential competitor for amplification and phase

conjugation for coherent optical communication.
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CHAPTER 1

Introduction

Increase in the demand for higher data rates or throughput (Jung (2011), Index (2017))

requires to drive the performance of communication links closer to the Shannon ca-

pacity (Cover and Thomas (2012)). This has necessitated the practical realization of

the following in the long haul optical communication links: usage of advanced modu-

lation formats and the usage of multiple channels in parallel like wavelength, time or

space division multiplexing. The bit error rate (BER) versus optical signal-to-noise ra-

tio (OSNR) for different modulation formats in AWGN channel are plotted in Figure

1.1 for a datarate of 20 GBd (Proakis (2001)). It can be observed that the usage of

higher modulation formats requires higher OSNR. This associated requirement of oper-

ating under higher OSNR conditions makes the role of low noise amplifiers with wide

bandwidth critical in long haul optical systems (Karlsson (2016)).

0 5 10 15 20 25
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Figure 1.1: BER vs OSNR for different advanced modulation formats for 20 GBd
datarate; PM refers to polarization multiplexing

Erbium doped fiber amplifiers (EDFA) are by far the most extensively employed

optical amplifiers in the long haul transmission links as they can efficiently provide an

amplification of > 20 dB in the telecommunication wavelength range (Mears et al.

(1987)). One of the main advantages of EDFA is its wide optical gain bandwidth.

Both of the Conventional, or C-band (1525 nm − 1565 nm) and the Long, or L-band



(1570 nm−1610 nm) can be effectually amplified using EDFAs (Emmanuel and Zervas

(1994)). High gain and polarization independence are the other major benefits that led

to the wide-spread usage of EDFAs in optical links. However, the noise figure of EDFA

is slightly larger than that of the 3 dB quantum limit in the high gain regime (Pedersen

et al. (1991), Abedin et al. (2011)). Commercial EDFAs typically are available with

6 dB noise figure for a small signal gain of 35 dB and a saturated output power of

23 dBm (PriTel Inc (2005)).

Fiber optic parametric amplifiers (FOPAs) that rely on Kerr nonlinearity in fibers

have attracted the research interest as they provide flat gain, broad bandwidth, ultrafast

response, uni-directionality and especially operation outside the EDFA bands (Agrawal

(2000)). In addition to this, FOPAs are good candidates for several other optical sig-

nal processing techniques that include wavelength conversion, phase conjugation and

phase regeneration (Hansryd et al. (2002), Kurosu et al. (2015), Hu et al. (2010), Lali-

Dastjerdi et al. (2013)). Parametric amplifiers have the distinct ability to be operated

in two different modes: phase insensitive amplification (PIA) and phase sensitive am-

plification (PSA). PIA have a 3 dB quantum noise figure limit in the high gain regime,

similar to that of EDFAs. However, it is possible to achieve 0 dB noise figure in PSA,

owing to the coherent superposition of signal and idler waves in nonlinear medium. This

property of PSA in FOPAs, thus can be exploited for achieving low noise amplification

in communication links.

The main drawback of PSA is the complexity of the setup arising from the require-

ment of achieving phase matching between pump, signal and idler waves at the input

of FOPA stage. Also in case of WDM scenario, parametric amplification can lead to

severe nonlinear crosstalk between multiple WDM channels, that is highly detrimental.

In order to reduce this nonlinear crosstalk, techniques such as maintaining high pump

to signal ratio have been proposed (Jamshidifar et al. (2009)). One of the other primary

limitations of FOPA is stimulated Brillouin scattering, that limits the pump power that

can be launched into the optical fiber. Several active techniques such as phase mod-

ulation and passive techniques such as temperature or strain gradient along the length

of fiber have been proposed in the past to increase the SBS threshold (Grüner-Nielsen

et al. (2010), Coles et al. (2010)), which again increases the complexity of the system

rendering it difficult for implementation in real-time systems. This renews the interest

in non-parametric nonlinear media such as semiconductor optical amplifiers (SOAs)
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that can be used for effective realization of PIA and PSA. SOA offers several other

advantages such as compactness, power efficiency etc compared to HNLF, which are

elucidated in the later part of the report. Hence, nonlinearity based optical amplifier,

being one of the fundamental building blocks of the transmission link, is the primary

focus of this report. The organisation of this report is as follows.

Chapter 2 presents the theory of Kerr nonlinearity in fibers that has been construc-

tively exploited for parametric amplification in FOPAs. In Section 2.2, the theoretical

analysis of gain and noise properties of PIA and PSA in HNLF is presented. The de-

pendence of PIA and PSA on dispersion, nonlinearity and pump power in degenerate

pump configuration is explained in Section 2.3. Section 2.4 introduces the reader to

SBS in optical fibers and the mitigation strategies that have been proposed in the past

to suppress the same.

Chapter 3 presents the experimental results of SBS suppression using phase mod-

ulation of pump and parametric amplification in degenerate pump configuration in

HNLF. It also sets the motivation to employ dual pump configuration using counter

phase modulation for SBS suppression and presents the theoretical analysis and exper-

imental results of the same in Section 3.3.

Chapter 4 presents the advantages of SOA compared to that of HNLF for nonlinear

applications. In Section 4.1, the analytical model of SOA is explained and the simu-

lation results of PIA and PSA have been presented. The simulation results of QPSK

modulated signals in SOA and their performance have been discussed in Section 4.2 to

set the motivation for employing SOAs in long haul optical links. Section 4.3 identi-

fies mid-span spectral inversion (MSSI) using phase conjugation as one of the potential

ways of compensating chromatic dispersion and nonlinearity impairments in long haul

transmission links and the performance of MSSI using SOA is analysed in Section 4.3.1.

Chapter 5 concludes the report and presents the scope for future work.
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CHAPTER 2

Fiber Optic Parametric Amplifiers

Parametric amplification is a phenomenon in which a signal wave is amplified utilizing

the parametric nonlinear properties of the optical medium in the presence of a pump

wave. It does not involve any excitation of the atoms/ charge carriers to higher energy

levels that results in stimulated amplification of the signal. It rather exploits the be-

haviour of light in nonlinear media in which the energy redistribution happens among

different frequencies due to the modulation of the refractive index of the medium. The

nonlinear response of the optical medium is almost instantaneous which is used for dif-

ferent applications including wavelength conversion, phase conjugation, phase quan-

tization, super-continuum generation, optical switching, parametric amplification and

oscillation.

Parametric nonlinearities arise from the interaction of the optical signal with the

bound charges present in the dielectric material. The oscillating electric field of an

optical signal induces dipole moment in a dielectric material and thus induces dielectric

polarization. The induced polarization ( ~P (t)) in a dielectric material due to the electric

field ( ~E(t)) is given by the following power series relation:

~P (t) = ε0(χ(1) ~E(t) + χ(2) : ~E(t) ~E(t) + χ(3) : ~E(t) ~E(t) ~E(t) + ...) (2.1)

where ε0 is the permittivity of the free space and χ(i) are the ith order susceptibilities

of the dielectric medium. χ(i) are tensors of rank (i + 1) and determine whether the

material response is linear or nonlinear to the electric field of the applied optical signal.

The complex value of χ(i) determines the phase, gain or loss that the optical signal

undergoes in the dielectric material medium. χ(1) describes the linear response of the

dielectric medium. The relative permittivity of the linear dielectric medium depends on

the first order susceptibility and is expressed by the following relation.

εr = n2 = 1 + χ(1) (2.2)



2.1 Nonlinear effects in Highly Non-Linear Fiber

The even order susceptibilities are absent in silica fibers owing to its centrosymmetric

crystal structure (Agrawal (2000)). Hence, third order susceptibility (χ(3)) primarily

contributes to the nonlinear effects in the fiber. The different effects due to χ(3) non-

linearity can be clearly explained by considering an electric filed comprising of three

different frequency components:

~E =
1

2

(
3∑
i=1

~Ei e
j(ωit−kiz) + c.c.

)
(2.3)

where c.c. refers to the complex conjugate. The third order terms (~P (3)) in the induced

polarization due to χ(3) susceptibility in the fiber for the above mentioned electric filed

(see equation 2.3) can be expressed as:

~P (3) =
3

4
ε0χ

(3)[ | ~E1|2 ~E1 e
j(ω1t−k1z) + � ] (SPM)

+
6

4
ε0χ

(3)[ (| ~E2|2 + | ~E3|2) ~E1 e
j(ω1t−k1z) + � ] (XPM)

+
1

4
ε0χ

(3)[ ( ~E1

3
ej(3ω1t−3k1z) + c.c.) + � ] (THG)

+
3

4
ε0χ

(3)[
1

2
( ~E1

2 ~E2 e
j(2ω1+ω2)t−(2k1+k2)z) + c.c.) + � ] (FWM)

+
3

4
ε0χ

(3)[
1

2
( ~E1

2 ~E∗2 e
j(2ω1−ω2)t−(2k1−k2)z) + c.c.) + � ] (FWM)

+
6

4
ε0χ

(3)[
1

2
( ~E1

~E2
~E3 e

j(ω1+ω2+ω3)t−(k1+k2+k3)z) + c.c.) + � ] (FWM)

+
6

4
ε0χ

(3)[
1

2
( ~E1

~E2
~E∗3 e

j(ω1+ω2−ω3)t−(k1+k2−k3)z) + c.c.) + � ] (FWM)

(2.4)

where � represents all possible similar permutations. The first term on the right-

hand side of the equation 2.4 refers to the self phase modulation (SPM) phenomenon

where the signal at ωi modulates the refractive index experienced by the signal at ωi

itself. The second term on the right-hand side of the equation 2.4 refers to the cross

phase modulation (XPM) phenomenon where the signal at ωi influences the refractive

index change experienced by the other signal frequencies ωj(j 6=i) in the medium. The

refractive index modulation due to XPM is twice as strong as that of SPM. SPM and

XPM contribute to the intensity dependent refractive index change of the medium and

determines the total nonlinear phase shift that the signal undergoes in the dielectric

media in addition to the dispersive phase shift. The third term on the right hand side

6



of the equation 2.4 corresponds to the third harmonic generation (THG) at frequen-

cies 3ωi from respective signals at frequencies ωi. The rest of the terms in equation

2.4 correspond to four wave mixing (FWM) where three incident waves interact with

each other and results in a formation of the fourth idler wave. FWM is responsible for

many nonlinear phenomena including parametric amplification, phase conjugation and

wavelength conversion. Among the many nonlinear interactions, only those satisfy both

energy conservation and momentum conservation (phase matching) are effective. The

strength of the nonlinear interactions primarily depends on the following factors:

• intensity of the optical field

• Kerr coefficient (n2 = 3χ(3)

4n2
0

) of the dielectric media, where n0 is the linear refrac-
tive index

• phase matching incorporating both dispersive and nonlinear phase shift into ac-
count

Another useful parameter that is generally defined in nonlinear optics context is non-

linear parameter γ which helps to quantify the nonlinear interactions more effectively

and is expressed as

γ =
2π

λ

n2

Aeff
(2.5)

where λ represents the wavelength and Aeff refers to the effective modal area of the

fiber. It can be noted that the nonlinear parameter γ increases with the Kerr coefficient

(n2) of the dielectric medium. Also, the nonlinear parameter increases with the inten-

sity of the optical field which corresponds to that of decrease in the effective modal

area of the fiber. For a typical single mode fiber (SMF) G.652, which is by far the

most widely used fiber in the optical communication links globally, the effective modal

area is ≈ 80 µm2 and the nonlinear parameter (γ) is 1.7 W−1km−1. It requires optical

power in the order of few watts to instigate effective parametri nonlinear interactions

in SMF G.652, which is highly preferred in WDM communication links because of

negligible inter channel interference. However, it is highly imperative to have a fiber

design with higher nonlinearity to efficiently realize various nonlinear applications in-

cluding phase conjugation and parametric amplification. The design of Highly Non-

Linear Fiber (HNLF) includes a high delta core surrounded by a deeply depressed ring

and doped with Fluorine that results in an increased nonlinear coefficient (γ) of around

11.1 W−1km−1. Hence, it requires only a few hundreds of milliwatts of optical power

7



to instigate efficient nonlinear interactions in HNLF and is heavily employed in various

nonlinear optical signal processing systems (Shao and Kumar (2012), Hu et al. (2015),

Liu et al. (2010)).

2.2 Parametric amplification in HNLF

As explained in the previous section (see Section 2.1), FWM is conversion of energy

between different frequencies in an energy preserving manner, that can be used for var-

ious applications in optical communication links. The following discussion is primarily

focused on parametric amplification where the energy is transferred from the stronger

pump waves to the weaker signal and idler waves. Depending on the pump, signal and

idler frequencies, the FWM process can either be degenerate or non-degenerate. When

two pump photons at the same frequency ωp give rise to a signal photon at frequency

ωs and an idler photon at frequency ωi as shown in Fig. 2.1a, the FWM process is said

to have degenerate pump configuration. The energy conversion for degenerate pump

configuration is expressed by 2ωp = ωs + ωi. In case of non-degenerate or dual pump

configuration as shown in Fig. 2.1b, two pump photons at different frequencies ωp1 and

ωp2 give rise to a signal photon at frequency ωs and an idler photon at frequency ωi. The

energy conversion in dual pump configuration is described by ωp1 + ωp2 = ωs + ωi.

Figure 2.1: Schematic spectra of FWM with (a) degenerate pump, (b) dual pump

2.2.1 Theory of four wave mixing

Four wave mixing can be analysed using Nonlinear Schrodinger equation (NLSE) which

is used to model the propagation of light in optical fibers. The propagation of the slowly

varying envelopeA(z, T ) of the optical signal oscillating around ω0 in fiber is expressed
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using NLSE as
∂A

∂z
+ j

β2

2

∂A

∂T
= jγ|A|2A− αA

2
(2.6)

where z, T correspond to the space and time coordinates, βm = ( d
mβ
dωm )ω=ω0 correspond

to the terms in Taylor series expansion of the wavenumber β(ω) around ω0 and α de-

notes the attenuation coefficient of the fiber. The optical signal propagates with a group

velocity of β1 in the fiber. A frame of reference (T = t−β1z) that is moving along with

the pulse at group velocity is considered in equation 2.6. The parameter β2 describes the

frequency dependence of group velocity and this phenomenon is called group velocity

dispersion (GVD). Dispersion parameter (D) which is most widely used in fiber optics

context is related to β2 as D = −2πc
λ2
β2. Dispersion in optical fibers depends on both

material and waveguide characteristics.

The propagation of four waves at oscillating at frequencies (ωp1, ωp2, ωs, ωi) through

the fiber can be explained using the following set of coupled equations obtained from

NLSE equation 2.6 as

dAp1
dz

= jγ(|Ap1|2 + 2|Ap2|2 + 2|As|2 + 2|Ai|2)Ap1) + 2AsAiA
∗
p2e

j∆βz

dAp2
dz

= jγ(2|Ap1|2 + |Ap2|2 + 2|As|2 + 2|Ai|2)Ap2) + 2AsAiA
∗
p1e

j∆βz

dAs
dz

= jγ(2|Ap1|2 + 2|Ap2|2 + |As|2 + 2|Ai|2)As) + 2Ap1Ap2A
∗
i e
−j∆βz

dAi
dz

= jγ(2|Ap1|2 + 2|Ap2|2 + 2|As|2 + |Ai|2)Ai) + 2Ap1Ap2A
∗
se
−j∆βz

(2.7)

where wave vector mismatch ∆β is given by ∆β = βs + βi − βp1 − βp2.

Generally, the pump powers (Pp1, Pp2) are very high compared to that of signal

power (Ps) and idler power (Pi). Hence, it can be assumed that the pump waves un-

dergo negligible depletion for obtaining analytical expressions and this approximation

is referred to as undepleted pump approximation (Pp1, Pp2 >> Ps, Pi). Considering

As,i = Bs,ie
jκz, the amplitude of the signal and the idler at the output can be found by

solving the following pair of coupled equations (see equation 2.8), under undepleted

pump approximation assumptions (Karlsson (2016)).

d

dz

Bs(z)

B∗i (z)

 = j

 κ 2γ
√
Pp1Pp2

−2γ
√
Pp1Pp2 −κ

Bs(0)

B∗i (0)

 = M

Bs(0)

B∗i (0)

 (2.8)

9



where M is the coefficient matrix. The solution of equation 2.8 can be obtained asBs(z)

B∗i (z)

 = ejzM

Bs(0)

B∗i (0)

 (2.9)

Bs(z)

B∗i (z)

 =

cosh(gz) + j κ
g
sinh(gz) j

2γ
√
Pp1Pp2

g
sinh(gz)

−j 2γ
√
Pp1Pp2

g
sinh(gz) cosh(gz)− j κ

g
sinh(gz)

Bs(0)

B∗i (0)

 (2.10)

where 2κ = ∆β+γ(Pp1 +Pp2) is the net phase mismatch. The net phase mismatch

has two components: dispersive phase mismatch (∆β) and nonlinear phase mismatch

(γ(Pp1 + Pp2)). The nonlinear phase mismatch is the consequence of SPM and XPM

in the optical fiber. Here, g =
√

(4γPp1Pp2)− κ2 is the parametric gain coefficient.

The parametric gain coefficient (g) is maximised when the net phase mismatch (2κ) is

zero. The net phase mismatch can be reduced to zero only when the nonlinear phase

mismatch cancels the dispersive phase mismatch.

2.2.2 Phase insensitive and phase sensitive gain

The properties of the transfer matrix K(z) should be established to understand the gain

and noise properties of the parametric amplifier. It can be obtained from equation 2.10

that, the transfer matrix K(z) assumes the following form

K =

µ ν

ν∗ µ∗

 (2.11)

where µ, ν are complex coefficients such that |µ|2 − |ν|2 = 1.

In the absence of idler wave at the input, equation 2.10 can be expressed using

equation 2.11 as Bs(z)

B∗i (z)

 =

 µ ν

ν∗ µ∗

Bs(0)

0

 (2.12)

From equation 2.12, it can be noted that the signal experiences a gain of GPIA =∣∣∣Bs(z)
Bs(0)

∣∣∣2 = |µ|2 and the idler conversion efficiency is η =
∣∣∣Bi(z)
Bs(0)

∣∣∣2 = |ν|2 = GPIA − 1.

10



The absolute phases of the complex coefficients µ, ν, signal and idler waves do not

influence the gain experienced by the signal in the absence of idler at the input. Hence,

the signal undergoes phase insensitive amplification in the absence of idler at the input.

Also, the generated idler is phase conjugated version of the signal. If both signal and

idler waves are present at the input, the interaction between the different waves becomes

phase sensitive. From equations 2.10 and 2.11, the output waves can be expressed as

Bs(z) = µBs(0) + νB∗i (0)

B∗i (z) = ν∗Bs(0) + µ∗Bi(0)
(2.13)

The gain experienced by the signal in phase sensitive case is given by the following

relation

GPSA =

∣∣∣∣Bs(z)

Bs(0)

∣∣∣∣2 =
|µBs(0) + νB∗i (0)|2

|Bs(0)|2 (2.14)

If the signal and idler powers are equal at the input, the phase sensitive signal gain is

given by

GPSA = |µ|2 + |ν|2 + 2|µ||ν|cos(φ) (2.15)

where φ = φs + φi − φp1 − φp2 + 6 µ− 6 ν. It can be seen that the parametric gain ex-

perienced by the signal depends on the input phase of the pump, signal and idler waves.

It is also important to have phase locking between pump, signal and idler waves at the

input so that φs, φi, φp1 and φp2 are not independently time varying. The phase locked

waves can be generated from frequency comb source or by using another parametric

amplifier (copier) stage to generate phase locked idler from signal and pump waves.

The signal experiences a maximum gain of Gmax,PSA = (|µ| + |ν|)2 if φ = 2mπ

and a minimum gain of Gmin,PSA = (|µ| − |ν|)2 if φ = (2m + 1)π, where m is an

integer. From the properties of the transfer matrix mention in equation 2.11, it can

be inferred that Gmax,PSA = 1
Gmin,PSA

. This means that the signal components which

satisfy the phase relation −π
2

+ 2mπ < φ < π
2

+ 2mπ undergo amplification whereas

the signal components which satisfy the phase relation −π + 2mπ < φ < −π
2

+ 2mπ

or π
2

+ 2mπ < φ < π + 2mπ undergo attenuation. This property of phase sensitive

amplification has been efficaciously exploited in various applications including phase

regeneration (Kurosu et al. (2015)) and phase squeezing (Puttnam et al. (2011)). Also,

the maximum phase sensitive gain is approximately Gmax,PSA ≈ 4|µ|2 ≡ 4GPIA,

showing the 6 dB difference between the PIA and PSA gain. This is due to the coherent
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superposition of the signal and idler waves resulting in a 4-fold increase in gain.

2.2.3 Noise figure in PIA and PSA

The noise figure is defined as the ratio NF = SNRin

SNRout
. Lets assume that the input

signal has an amplitude of Bs,in and a noise amplitude of ns with a power spectral

density of Ss,in =< |ns|2 >. In the photo-detection process, the noise has two different

components: signal-noise beating and noise-noise beating in the shot noise dominating

regime. Noise-noise beating can be neglected in comparison with signal-noise beating.

Under that assumption, the SNR of the signal at the input is given by (Olsson (1989))

SNRin =
(RPs,in)2

4R2Ps,inSs,in∆f
=

Ps,in
4Ss,in∆f

=
|Bs,in|2

4Ss,in∆f
(2.16)

where R corresponds to the responsivity of the photodiode, Ps,in denotes the input

signal power and ∆f is the electric bandwidth.

In case of parametric amplification, the output signal field can be expressed using

equation 2.11 as

Bs,out = µ(Bs,in + ns) + ν(B∗i,in + ni)

Bs,out = (µBs,in + νB∗i,in) + (µns + νni)
(2.17)

where Bi,in and ni correspond to signal and noise amplitudes of the idler wave at the

input. If the power spectral density of noise at both signal and idler frequencies are

assumed to be equal at the input (Si,in = Ss,in = Sin), the power spectral density of the

noise at the output (Ss,out) is given by the following relation

Ss,out =< |µns + νni|2 >= (|µ|2 + |ν|2)Sin (2.18)

as the noise at signal and idler frequencies are uncorrelated which dictates the SNR of

the signal at the output to be

SNRs,out =
(RPs,out)

2

4R2Ps,outSs,out∆f
=

Ps,out
4Ss,out∆f

=
|(µBs,in + νB∗i,in)|2
4(|µ|2 + |ν|2)Sin∆f

(2.19)

From the equations 2.16 and 2.19, the noise figure associated with the parametric am-
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plification process is finally obtained as the following relation

NFs =
SNRs,in

SNRs,out

=
(|µ|2 + |ν|2)|Bs,in|2
|(µBs,in + νB∗i,in)|2 (2.20)

In case of phase insensitive amplification, where the idler wave is absent at the input,

the NF of the parametric amplification process (see equation 2.20) simplifies to the

following relation

NFs,PIA =
|µ|2 + |ν|2
|µ|2 =

2GPIA − 1

GPIA

= 2− 1

GPIA

(2.21)

which is the well known 3 dB NF limit of phase insensitive amplification process.

However for the case of phase sensitive amplification, where both the signal and idler

waves are present at the input, the NF relation (see 2.20) takes the following form

NFs,PSA =
|µ|2 + |ν|2
|µ+ νejφ|2 (2.22)

assuming equal signal and idler powers at the input |Bs,in|2 = |Bi,in|2, where φ =

φs + φi − φp1 − φp2. This implies that when the signal undergoes maximum phase

sensitive gain (φ = 0), the NF associated with the PSA of the signal turns out to be

NFs,PSA =
|µ|2 + |ν|2
|µ+ ν|2 ≈

2µ2

4µ2
≡ 1

2
(2.23)

The noise figure of −3 dB for PSA is obtained by considering only signal power at the

input. However, the noise figure of 0 dB is obtained, if both signal and idler powers

are considered at the input, in the high gain regime of phase sensitive amplification of

the input signal. It is impossible to achieve this 0 dB NF in case of PIA and erbium

doped fiber amplifiers. In PSA, the coherent addition of phase locked signal and idler

waves provides us with the advantage of 6 dB improvement in the noise figure when

compared to PIA process.

2.3 Parametric amplification with degenerate pump

The rest of the discussion in this chapter is focused on the parametric amplification

using degenerate pump (see Fig. 2.1(a)). The transfer matrix K assumes the following
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form in the degenerate pump case

K =

 µ ν

ν∗ µ

 =

cosh(gz) + j κ
g
sinh(gz) j γPp

g
sinh(gz)

−j γPp

g
sinh(gz) cosh(gz)− j κ

g
sinh(gz)

 (2.24)

where Pp represents the pump power, ∆β = βs + βi − 2βp denotes the disper-

sive phase mismatch, 2κ = 2γPp + ∆β represents the net phase mismatch and g =√
(γPp)2 − κ2 is the parametric gain coefficient. However, the gain and noise char-

acteristics that have been inferred from the properties of the transfer matrix K in the

previous section (see Section 2.2) holds good, as the transfer matrix (K) assumes the

same form in the degenerate pump case as well. The gain experienced by the signal in

parametric amplification process is primarily contingent on dispersion, nonlinearity of

the medium, length of optical interaction and pump power which are analysed in this

section.

2.3.1 PIA - Dependence on dispersion, nonlinearity, pump power

In the absence of idler, the gain experienced by the signal (GPIA) and the idler conver-

sion efficiency (ηPIA) in the PIA process are obtained from equation 2.24 as

GPIA =
Psig(z)

Psig(0)
= cosh(gz)2 +

(
κ

g
sinh(gz)

)2

ηPIA =
Pidler(z)

Psig(0)
=

(
γPp
g
sinh(gz)

)2
(2.25)

The signal gain and the idler conversion efficiency are maximised when parametric gain

coefficient (g) is maximised. The parametric gain coefficient as expressed in equation

2.24 attains the maxima when the net phase mismatch is zero (κ = 0). The net phase

mismatch in PIA process can be expressed by the following relation

2κ = γPp + β2(ωs − ωp)2 (2.26)

where β2 is the second order Taylor series coefficient of β expressed around ωp and

ωp, ωs represents the pump and signal frequencies respectively. It can be seen that β2
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should be negative (anomalous dispersion : D > 0) to attain κ = 0 in PIA process using

degenerate pumps, which will result in maximum gain. We proceed to estimate GPIA

and ηPIA for HNLF of varying properties and these results are plotted as a function of

signal detuning (∆λ = λs − λp) in this section. The results in this section hold good

for the range of input signal powers that satisfy the undepleted pump approximation.
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Figure 2.2: Dependence of PIA (a) signal gain (b) idler conversion efficiency spectra on
dispersion; Pp = 23 dBm, γ = 11.1 W−1km−1, L = 1 km

The signal gain and idler conversion efficiency are plotted as a function of signal

detuning for different values of dispersion parameter in Figure 2.2 for Pp = 23 dBm,

γ = 11.1 W−1km−1, L = 1 km. It can be noted that the gain attains the maximum

in the anomalous dispersion regime as expected. Also, the gain bandwidth is higher

when D approaches zero in the anomalous dispersion regime and it can be attributed

to the fact that the dispersive phase mismatch is minimised when D approaches zero.

Additionally, the gain flatness depends on the dispersion parameter of HNLF. Ideally,

a flat gain can be achieved when β is not a function of wavelength in the interested

wavelength range.

The signal gain and idler conversion efficiency in PIA process are plotted as a func-

tion of signal detuning for different values of nonlinear parameter (γ) in Figure 2.3 for

Pp = 23 dBm, D = 1 ps/nm− km, L = 1 km . It is observed that the signal gain and

its bandwidth increases with the increase in nonlinear parameter as expected.

Similarly the dependence of signal gain and idler conversion efficiency on pump

power in PIA process is plotted in Figure 2.4. And the increase in pump power increases

the signal gain and bandwidth of PIA process similar to that of nonlinear parameter.

The noise figure associated with the phase insensitive amplification process is clearly
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Figure 2.3: Dependence of PIA (a) signal gain (b) idler conversion efficiency spectra on
nonlinearity; Pp = 23 dBm, D = 1 ps/nm− km, L = 1 km
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Figure 2.4: Dependence of PIA (a) signal gain (b) idler conversion efficiency spectra on
pump power; γ = 11.1 W−1km−1, D = 1 ps/nm− km, L = 1 km
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Figure 2.5: NF as a function of signal detuning in PIA process; Pp = 23 dBm γ =
11.1 W−1km−1, D = 1 ps/nm− km, L = 1 km

explained in Section 2.2.3 and is plotted in the figure below (see Figure 2.5). Also, the

noise figure approaches the 3 dB limit when the signal gain is maximum. The noise

figure in PIA process will be 3 dB when GPIA >> 1. It can be observed that the noise

figure is lesser than 3 dB in the low gain regime. This can be to the attributed to the fact
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that there is no significant amplified quantum noise addition in the lower gain regime.

2.3.2 PSA - Gain and noise figure

In the presence of both signal and idler waves at the input, the signal experiences phase

sensitive gain due to the coherent superposition of signal and idler waves. The maxi-

mum phase sensitive gain that the signal can attain at different detunings in PSA process

is plotted in Figure 2.6 for equal signal and idler powers at the input. It can be noted

that the maximum gain that the signal can attain in PSA process is almost 6 dB more

than that of PIA process as explained in the previous section (see Section 2.2.2).
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Figure 2.6: Maximum signal in PSA process for equal signal and idler powers at the
input; Pp = 23 dBm γ = 11.1 W−1km−1, D = 1 ps/nm−km, L = 1 km
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Figure 2.7: (a) Signal gain and (b) noise figure in PSA process as a function of input
phase relation and signal detuning; Pp = 23 dBm γ = 11.1 W−1km−1,
D = 1 ps/nm− km, L = 1 km

However, the gain and noise figure experienced by the signal in PSA is heavily
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dependent on the input phase relation φ = φs + φi − 2φp and the signal detuning

(∆λ = λs − λp) from the pump and this dependence is plotted in Figure 2.7 for the

case of equal signal and idler powers at the input. It can be observed that the maximum

gain that is achievable at a specific wavelength in PSA process occurs at different input

phase relations for different signal detuning. It can be attributed to the fact that the

parametric gain coefficient g depends on φ = φs + φi − 2φp + 6 µ − 6 ν (see Section

2.2.2) which brings in the dependence with respect to signal detuning. Also, it can be

observed in Figure 2.7a that the signal undergoes amplification or attenuation depending

on the phase relation between the pump, signal and idler waves as explained in the

previous section (see Section 2.2.2). Also, the noise figure in the high gain regime can

be observed as −3dB which is an improvement of 6 dB with respect to that of PIA.

The signal gain and the associated noise figure at particular input phase relations are

further plotted in Figure 2.8. However for a given phase relation, the maximum gain

and minimum NF occurs at slightly different detunings. This can be attributed to the

fact that noise at signal and idler wavelengths are not correlated whereas the signal and

idler waves are correlated with each other, resulting in different detuning performances

for added noise and the signal gain, as can be seen from equations 2.18 and 2.22.
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Figure 2.8: Dependence of PSA (a) signal gain and (b) noise figure for different input
phase relations, dashed line: maximum gain, dash-dotted line: minimum
NF; Pp = 23 dBm γ = 11.1 W−1km−1, D = 1 ps/nm− km, L = 1 km

Based on the discussions held in this section (Section 2.3), it can be concluded

that the gain can be increased with the increase in the pump power for a HNLF of

given parameters. However, the maximum power that can be launched into the fiber is

severely limited by stimulated Brillouin scattering, which is a major drawback in fiber

based parametric amplifiers.
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2.4 Stimulated Brillouin Scattering in optical fibers

Stimulated Brillouin Scattering (SBS) is a nonlinear interaction process between the

pump wave and the back-propagating signal wave through an acoustic wave at power

levels much lesser than of the requirement of parametric amplification process in op-

tical fibers. After reaching the threshold condition for the SBS process, the majority

of the pump power is transferred to the back-propagating signal wave which in-turn

limits the pump power that can be launched into the fiber for parametric amplification

process. The Brillouin gain gB(Ω) has a Lorentzian spectrum of the below mentioned

form (Agrawal (2000))

gB(Ω) = gp

(
ΓB

2

)2

(Ω− ΩB)2 +
(

ΓB

2

)2 (2.27)

where the phonon lifetime (TB) is related to ΓB as TB = 1
ΓB

= 10 ns and ΩB refers to

the Brillouin shift in optical fibers. The peak of the spectrum occurs at Ω = ΩB and the

full width at half maximum of the gain spectrum is related to ΓB as ∆νB = ΓB

2π
which

is around 30 MHz for silica fibers. The SBS threshold is found to occur at a critical

power level which is given by the following empirical relation (Smith (1972)) as

gBPthLeff
Aeff

≈ 21 (2.28)

where Pth refers to the SBS threshold in optical fibers, Aeff refers to the effective

modal area and Leff refers to effective interaction length. However, the SBS threshold

increases considerably if the spectral width ∆νp of the pump exceeds ∆νB as a conse-

quence of decrease in the Brillouin gain parameter gB and this increase in SBS threshold

is characterised by the factor
(

1 + ∆νp
∆νB

)
(Agrawal (2000)). The SBS threshold for typ-

ical HNLF fibers of 1 km length is around 10 dBm that limits the pump power that

can be launched into HNLF for parametric amplification process. However, a minimum

pump power of 20 dBm is required to attain a PIA gain of ≈ 5 dB in HNLF.

2.4.1 SBS mitigation strategies

The SBS mitigation strategies are either focused on broadening the Brillouin gain spec-

trum and thus decreasing the peak gain or increasing the pump linewidth to minimise
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the spectral overlap which limits the gain experienced by the back-propagating signal.
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Figure 2.9: PIA signal gain spectrum of "SPINE" HNLF

The typical methods to broaden the Brillouin gain spectrum to increase the SBS

threshold include: introduce temperature gradients along the fiber (Hansryd et al. (2001)),

introducing strain gradients along the fiber (Engelbrecht et al. (2009), Boggio et al.

(2005)) and changing the dopant concentration along the length of the fiber (Shiraki

et al. (1996)). The change in dopant concentration, strain, temperature along the length

of the fiber introduces the modulation of refractive index of the material along the length

of the fiber that results in a continuous change of Brillouin shift (ΩB) along the fiber.

This continuous change of Brillouin shift along the length of the fiber results in a sig-

nificant broadening of Brillouin gain spectrum increasing the SBS threshold of the op-

tical fibers. The "SPINE" (stable phase matching for improved nonlinear efficiency)

HNLF, manufactured by OFS, has the following the characteristics: γ = 9.3W−1km−1,

D = 1 ps/nm − km, dispersion slope of 0.071 ps/nm2km and it exhibits a signifi-

cantly higher SBS threshold of 24 dBm (Labidi et al. (2018)). The PIA gain that can

be attained from the above mentioned "SPINE" HNLF without any active SBS suppres-

sion techniques is plotted in Figure 2.9. It is clearly impossible to attain the similar

performance in normal HNLF without any active SBS mitigation strategies as the SBS

threshold limits the pump power that can be launched to be around ≈ 10 dBm. These

passive methods clearly demonstrate a special advantage of requiring no additional op-

tical components/ setup to mitigate SBS in parametric amplification experiments. Also,

these methods do not affect the properties of the incoming signal as compared to that of

the method of increasing the pump linewidth to increase the SBS threshold. However,

these passive methods require special fabrication of fibers and longitudinal temperature
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and strain variation methods require sophisticated setup to vary temperature and strain

that poses a challenge of scalability of such systems.

One of the active methods that employs the strategy of increasing the pump linewidth

to increase the SBS threshold is to phase modulate the pump wave using RF tones or

RF noise source (Anderson et al. (2014)). This approach of active suppression of SBS

in HNLF does not face any fabrication challenges, but faces other significant challenges

which sets the discussion for next chapter.
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CHAPTER 3

Experimental Demonstration of Parametric

Amplification in HNLF

One of the main criteria to demonstrate parametric amplification in HNLF is to launch

several hundred milliwatts of pump power to provide sufficient gain to the signal. How-

ever, the launch pump power is limited by the SBS threshold as seen in the previous

chapter (see Section 2.4). Hence, the successful demonstration of PA in HNLF should

employ one of either passive or active SBS suppression strategies. Given the challenge

of scalability of passive SBS suppression techniques, it is highly imperative to experi-

ment active SBS suppression methodologies. A commonly used active method in FOPA

systems is the phase modulation of pump laser for linewidth broadening because of its

easy implementation along with effective suppression of SBS.

3.1 SBS suppression using phase modulation of pump

Phase modulation of pump laser falls in the category of increasing the pump linewidth

to minimize the overlap between the pump wave and SBS gain spectrum to increase the

SBS threshold. The typical Brillouin spectrum of a single mode optical fiber is shown

in Figure 3.1. It can be seen that the frequency shift is around 11 GHz and with a

FWHM of ≈ 30 MHz. Hence, it becomes essential to the broaden the linewidth of the

pump beyond FWHM of Brillouin gain spectrum (30 MHz) to suppress SBS in optical

fibers.

The electric field of the pump wave can be described by the following expression

Ep(t) = E0 e
j(ωpt+φ) (3.1)

If the pump output is phase modulated using an RF signal of amplitude Am and fre-



Figure 3.1: Brillouin gain spectra of three different single mode fibers versus frequency
shift at λp = 1550 nm (a) silica core fiber (b) depressed cladding fiber (c)
dispersion shifted fiber (Tkach et al. (1986))

quency vm, the pump output at the phase modulator can be obtained as

EPM(t) = Ep(t) e
j(Amsin(2πvmt))

= E0 e
j(ωpt+φ+Amsin(2πvmt))

= J0(βm) ejωpt +
∑
n

AmJn(βm)[ ej(ωp+2πnvm)t − ej(ωp−2πnvm)t ]

(3.2)

where βm = Am

vm
and Jn is the Bessel function of the first kind with order m. Equation

3.2 demonstrates the broadening of the pump due to phase modulation using RF signal.

The RF tones used should be more than that of the SBS gain FWHM (30 MHz) to

minimise the overlap. The phase modulated spectra of pump using an RF of signal of

100 MHz frequency with amplitude levels of 0.5Vπ and 2Vπ are plotted in Figure 3.2.

Vπ is the half-wave voltage of the electro-optic phase modulator.
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Figure 3.2: Phase modulated spectra of pump with RF signal of vm = 100 MHz and
amplitude (a) Am = 0.5Vπ (b) Am = 2Vπ

It can be seen that the broadening of the pump increases with the drive voltage of
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the phase modulator. The broadening of the pump also varies with the usage of multiple

sinusoidal tones rather than a single tone which is illustrated in Figure 3.3.
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Figure 3.3: Phase modulated spectra of pump with RF signal of Am = 2Vπ and fre-
quency tones (a) 100 MHz & 300 MHz (b) 100 MHz, 300 MHz &
500 MHz

It can be seen that the pump spectra significantly broadens with the number of sinu-

soidal tones used for the same drive voltage level. If the phase modulator is driven at 2Vπ

with multiple sinusoidal RF tones of frequencies 100 MHz, 300 MHz and 500 MHz,

the broadened pump linewidth can be noted to be in the order of several hundred MHz,

which is significantly high compared to SBS gain FWHM of 30 MHz. Hence, it can

be inferred that the phase modulator should be driven at a higher voltage with a combi-

nation of multiple sinusoidal tones to sufficiently broaden the pump linewidth beyond

SBS gain FWHM to achieve effective suppression of SBS in optical fibers.

3.1.1 Experimental results and discussions

The experimental setup for SBS suppression using phase modulation and SBS threshold

measurement is shown in Figure 3.4. The pump laser operating at a wavelength of

λp = 1546.4 nm is used in the experiment. The pump is modulated using an electro-

optic phase modulator whose half-wave voltage (Vπ) is around 6 V . The pump wave is

passed through the polarization controller to the phase modulator to ensure maximum

power at the output of phase modulator. The pump power is further amplified using an

Erbium doped fiber amplifier (EDFA) and successively passed through an optical band

pass filter (BPF) of 0.1 nm bandwidth to filter out the excessive out-of-band amplified

spontaneous emission (ASE) noise from EDFA. The output from the EDFA is passed
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to the HNLF through a circulator to prevent the back scattered power from damaging

the optical components. The back scattered power is measured using a power meter at

port-3 of the circulator. Also, the power output at the HNLF is measured using a power

meter at the HNLF end.

Figure 3.4: Experimental setup for SBS suppression using phase modulation and
threshold measurement
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Figure 3.5: (a) Back scattered power (b) output power from HNLF for different phase
modulation inputs; black circles indicate 1% reflection, different cases are
listed in the table below (see Table.3.1)

Table 3.1: SBS threshold for different RF signal inputs to phase modulator

Case RF power (dBm) Frequency content (MHz) Measured SBS threshold
(i) - - 11.7
(ii) 18 100 13.6
(iii) 18 100 15.6
(iv) 18 100, 310 16.8
(v) 23 100, 310 21
(vi) 23 100, 310, 550 >22.5

To study the effect of phase modulation of pump using different RF tones and drive

voltage levels, the set of RF signals that are chosen as input to the phase modulator

are mentioned in Table.3.1. Here in Table.3.1, case (i) represents no external phase

modulation being applied to the pump. The input pump power to EDFA is varied to
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tune the power levels being input into HNLF. The properties of HNLF used in the

experiment are: γ = 11.1 W−1km−1, D = −0.65 ps/nm.km and L = 1 km. The

back scattered power from HNLF and the power at HNLF output for all the cases listed

in Table.3.1 are plotted in Figure 3.5a and Figure 3.5b respectively as a function of

input power level. SBS threshold is defined as the input power at which 1% of the input

power reflects back from the HNLF. The measured SBS threshold for different phase

modulated inputs are also listed in Table.3.1. It can be seen that the SBS threshold

for pump without any external phase modulation is around ≈ 11.7 dBm for HNLF.

Also, the SBS threshold increases with the drive voltage and multiple frequency tones

as expected from the theory. It is observed that ≈ 23 dBm of pump power can be

launched into HNLF without any significant back scattering by choosing the RF signal

input mentioned in case (vi) of Table.3.1.

3.2 Degenerate pump PIA experimental results and dis-

cussions

The experimental setup for demonstrating PIA in HNLF is shown in Figure 3.6. The

setup is similar to that of the SBS suppression setup (See Figure 3.4) except for the

signal laser which is coupled into HNLF along with pump using a 99:1 coupler. The

polarization controller is used in the signal arm to align the polarization of pump and

signal to ensure maximum PIA gain. The wavelength of the signal laser is tuned to

obtain the PIA gain spectrum. The RF signal input applied to the phase modulator

corresponds to that of case (vi) listed in Table.3.1 which allows ≈ 23 dBm of pump

launch power without any significant back scattering in HNLF. The pump and signal

powers launched into HNLF are maintained at 22 dBm and −11 dBm respectively.

Figure 3.6: Experimental setup for degenerate pump PIA in HNLF

The signal gain and idler conversion efficiency are measured from observing the
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power levels at the output of HNLF at signal and idler wavelengths using optical spec-

trum analyser (OSA). The recorded spectrum at the output of HNLF using OSA for the

signal wavelength of 1545 nm is shown in Figure 3.7 .The signal gain is measured by

comparing the power levels at signal wavelength at the output of HNLF in the pres-

ence and absence of the pump. The experimentally obtained signal gain (GPIA) and

idler conversion efficiency spectra (ηPIA) are plotted in Figure 3.8a and Figure 3.8b

respectively. It can be observed that the experimentally obtained GPIA and ηPIA are in

excellent matching with the theoretically analysis.
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Figure 3.7: Normalised signal spectrum at the output of HNLF for λp = 1546.4 nm,
λs = 1545 nm; black circle - pump, red circle - signal, green circle - idler
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Figure 3.8: PIA (a) signal (b) idler conversion efficiency as a function of signal detuning
for degenerate pump case

Since we are operating in the normal dispersion regime, the maximum signal gain

occurs when signal wavelength is closer to pump wavelength as further detuning results

in increased phase mismatch as both dispersive phase mismatch and nonlinear phase

mismatch add to each other. A maximum signal gain of 6 dB and conversion efficiency
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of 0 dB is experimentally demonstrated using a pump power of 22 dBm and active SBS

suppression using phase modulation of pump.

To demonstrate the PIA amplification of QPSK data and also analyse the BER of

the amplified signal, the IQ transmitter laser is operated at 1547.4 nm and is modulated

with 21 GBd QPSK data generated using an arbitrary wave form generator (AWG).

The modulated signal is then coupled into HNLF along with the pump using a 99:1

coupler. The signal attained a PIA gain of 3 dB similar to that of continuous wave case

as expected. The constellation diagram of the amplified signal in PIA process using

degenerate pump is shown in Figure 3.9. It can be observed from the constellation

Figure 3.9: Constellation diagram of 21 GBd QPSK signal amplified in PIA process
using degenerate pump

diagram that the signal is highly corrupted in phase and the signal is observed to have

a BER of 10−2 after processing using DSP algorithms for an input OSNR of around

33 dB which is unacceptable in communication standards. The corruption in phase of

the amplified signal can be attributed to the phase modulation of the pump using RF

signals in the order of several MHz for increasing the SBS threshold.

3.3 Dual pump PIA using counter phase modulation for

SBS suppression

As seen in the previous section (see Section 3.2), the phase modulation of pump for

increasing the SBS threshold severely affects the phase of the amplified signal which
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worsens the BER performance in phase shift keying signalling scheme. However, its

imperative to have phase modulation of pump to broaden the pump linewidth for active

SBS suppression. Hence, it is required to come up with a scheme which cancels the

effect of phase modulation of pump on the signal and idler waves. If the powers of the

two pumps are Pp1 and Pp2 in dual pump PIA , the phase of the amplified signal and the

idler generated is given by the following expression (Moro et al. (2010))

φs(t, L) =φs(t, 0) + tan−1

(
κ(t)sinh[g(t)L]

2g(t)cosh[g(t)L]

)
+
γ

2

∣∣∣√Pp1 + n1(t)
∣∣∣2 L+

γ

2

∣∣∣√Pp2 + n2(t)
∣∣∣2 L+

∆β(t)L

2
+ ∆φs,AQN

φi(t, L) = [φp1(t, 0) + φmod1,p1 + φp2(t, 0) + φmod2,p2 − φs(t, 0)] +
π

2

+
γ

2

∣∣∣√Pp1 + n1(t)
∣∣∣2 L+

γ

2

∣∣∣√Pp2 + n2(t)
∣∣∣2 L+

∆β(t)L

2
+ ∆φi,AQN

(3.3)

The second term in the expression is a consequence of µ and ν that are associated with

the signal gain and idler conversion efficiency respectively. The third and fourth terms

in the expressions are the consequences of SPM and XPM in nonlinear medium. The

amplitude fluctuations present in the pumps translate as phase noise in the signal and

the idler. Here, n1 and n2 refer to the amplitude noise present in the pumps. The fifth

term refers to the phase acquired by the signal and the idler due to the dispersive nature

of the medium, which is given by

∆β(t) =
β2

2

[
2(ωs − ω0)2 −

(
ωp1 +

dφmod1,p1

dt
− ω0

)2

−
(
ωp2 +

dφmod2,p2

dt
− ω0

)2
]

(3.4)

where ω0 = ωp1+ωp2

2
refers to the center frequency of the system. The final term AQN

refers to the quantum noise in the system. φmod,p1 and φmod,p2 correspond to the phase

modulation applied to pump (1) and pump (2) respectively. This illustrates the noise

transfer happening to the idler wave because of the modulation of pumps to increase

the SBS threshold. However, the signal phase also gets affected due to pump phase

modulation due to the change in the pump frequency, which results in a change of

the phase acquired by the signal due to dispersion. Hence, it is clear that the idler

phase is affected severely compared to that of the signal phase because of its associated
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broadening. In order to mitigate the idler broadening due to phase modulation of pump,

the required relation between the applied RF inputs to phase modulators of the pumps

is given by

φmod,p1 = −φmod,p2
VRF,p1 = −VRF,p2

(3.5)

where VRF,p1 and VRF,p2 are the RF signal inputs to the phase modulators present in

the arms of pump (1) and pump (2) respectively. In this case, the effect due to phase

modulation applied to pump (1) and pump (2) on idler phase cancel each other. Hence,

it is required to implement dual pump configuration with counter phase modulation to

demonstrate parametric amplification and noise free phase conjugation of QPSK signal

(Hu et al. (2015), Yaman et al. (2005)).
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Figure 3.10: Dual pump configuration PIA signal gain spectra for (a) different pump
separation and Pp1 = Pp2 = 18 dBm (b) different pump power levels and
|λp1 − λp2| = 6 nm

The PIA gain spectra for different separation of pump waves ∆λp = |λp1 − λp2| at

pump power levels of Pp1 = Pp2 = 18 dBm are obtained using analytical expressions

presented in the previous chapter (see Section.2.2.2) and are plotted in Figure 3.10a.

Similarly, the gain spectra for different pump power levels at a specific separation of

6 nm between the pump waves are plotted in Figure 3.10b. The properties of HNLF

are γ = 11.1 W−1km−1, D = −0.65 ps/nm.km and L = 1 km.

The analytical plots demonstrate the fact that the PIA signal gain spectra heavily de-

pends on the pump separation in case of dual pump configuration. This can be attributed

to the fact that the dispersive phase mismatch is contingent on pump separation.
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3.3.1 Experimental results and discussions

The experimental setup to implement dual pump configuration with counter phase mod-

ulation is shown in Figure 3.11. The pumps wavelengths are chosen as λp1 = 1546.4 nm

and λp2 = 1552.52 nm. The RF signals from positive and negative terminals of the RF

signal generator are fed to the identical phase modulators present in the pump arms.

The RF power inputs to the phase modulators are ≈ 23 dBm. RF signals consists of

three different sinusoidal tones: 100 Mhz, 310 MHz and 550 MHz. 30 dB EDFA is

used in the tunable laser arm and 23 dB FA-23 EDFA is used in the vortex laser arm.

The pumps are then combined using a 50:50 coupler which is then combined along

with the signal using a 99:1 coupler that is fed into HNLF for PIA through circulator

to prevent the reflected power from damaging the optical components. At the input of

HNLF, the powers of pumps λp1(1546.4 nm) and λp2(1552.52 nm) are 16.5 dBm and

18.5 dBm respectively. The signal power coupled into the HNLF after 99 : 1 coupler

is ≈ −10dBm. The waveshaper is used to filter out the pump wavelengths and the

signal powers and idler powers are measured in OSA to obtain signal gain and idler

gain respectively. The signal wavelength is tuned from 1544 nm to 1554 nm in this

experiment. The various polarization controllers are used to align the polarization of

the signal and pump waves to ensure maximum signal gain in PIA process.

Figure 3.11: Experimental setup for dual pump PIA configuration with counter phase
modulation

The spectrum at the output of HNLF for a specific detuning of signal (λs = 1551 nm)

is plotted in Figure 3.12. It can be seen that apart the idler that we are interested in

(ωp1 + ωp2 − ωs), there are several other idlers present in the system. The signal gain

in dual pump PIA in HNLF is plotted in Figure 3.13. As we saw in Figure 3.12, there

are multiple other comparable idlers that are possible in this configuration. The idler

conversion efficiencies of different such idlers are plotted in Figure 3.14 as a function

of their corresponding wavelengths. Also, there are some idlers that are present in the
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Figure 3.12: Spectrum at the output of HNLF; dashed line : ωp1, dashed-dotted line :
ωp2, black circle : ωs, red circle : ωp1 + ωp2 − ωs; circles indicate FWM
products resulting from both signal and pump, triangles indicate FWM
products resulting from two pumps

system, which are FWM products resulting from two different pumps present in the

medium. The idler conversion efficiencies of such idlers are plotted in Figure 3.15. It

can be seen the wavelengths of those idlers are invariant with respect to signal wave-

lengths as expected.

Figure 3.13: Dual pump PIA signal gain spectrum

From Figure 3.13, it can be seen that the signal gain has an asymmetric shape as-

sociated with it contrasting to that of the theoretical analysis. Also, the conversion

efficiencies of different idlers are in the same order which is clearly not taken into ac-

count in the theoretical analysis. The asymmetry in the gain spectrum is possible when

the following assumptions considered for the theoretical analysis are no more valid
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(Steffensen et al. (2011))

• undepleted pump approximation

• interactions between ωp1, ωp2, ωs, ωp1+ωp2−ωs are only considered in the system

Figure 3.14: Dual pump PIA idler conversion efficiency of different possible idlers

Figure 3.15: Dual pump PIA idler conversion efficiency of idlers dependent only on
pumps

In order to demonstrate the PIA amplification of QPSK data and also analyse the

BER of the amplified signal in dual pump configuration, the IQ transmitter laser is

operated at 1551 nm and is modulated with 21 GBd QPSK data generated using an

arbitrary wave form generator (AWG) with an OSNR of ≈ 33 dB. The OSNR of

34



Table 3.2: OSNR of signal and idler in dual pump PIA

Parameter signal at HNLF input signal at HNLF output idler at HNLF output
OSNR 33 dB 30 dB 24 dB

the signal and the conjugate at the output of HNLF in dual pump PIA experiment are

mentioned in Table.3.2. It can be noted that the noise figure associated with PIA in dual

pump configuration is experimentally obtained as 3 dB. The gain experienced by the

signal is≈ 2.5 dB with respect to peak power and found to have a BER of 0. The scatter

plot of the received signal at the output of HNLF is shown in Figure 3.16. However, the

idler is found to suffer from phase noise due to modulation even after implementation

of dual pump configuration with counter phase modulation and observed to have a BER

of ≈ 10−3. This can be attributed to the fact that cancellation of the phase noise due to

RF signals is not achieved properly due to the potential delays between the RF signals.

Figure 3.16: Scatter plot of signal at the output of HNLF;OSNR = 31 dB, BER = 0,
EVM = 9.4%

It is evident from the discussions held in this chapter that it is essential to imple-

ment phase modulation of pump or any other passive technique for SBS suppression

to demonstrate parametric amplification in HNLF. Also, it requires around 22 dBm of

pump power to achieve a parametric gain of ≈ 5 dB. Although, PA guarantees lesser

noise figure, it requires us to look at other non-parametric media like semiconductor

optical amplifiers as an alternative option because of the other difficulties and disadvan-

tages associated with PA in HNLF.
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CHAPTER 4

Semiconductor Optical Amplifiers

A Semiconductor optical amplifier (SOA) is a monolithic optoelectronic device that

amplifies an input optical signal based on a semiconductor gain medium. ASE noise is

a fundamental characteristic of the semiconductor gain media which results in a typi-

cally higher NF for the amplification process associated with SOA (Connelly (2007)).

However, SOAs are attractive for their power efficiency, smaller footprint and potential

for integration into silicon photonic platforms.

4.1 Four wave mixing in SOA

The phenomenon of four wave mixing in SOAs is a consequence of the physical pro-

cesses that lead to population pulsations in semiconductor gain medium (Agrawal (1988)).

In case of degenerate four wave mixing, the pump (frequency ωp) and signal (frequency

ωs) waves create a beat frequency Ω = |ωs − ωp| in the medium and modulation of

the carrier density at this beat frequency results in a formation of a gain grating and

hence a corresponding refractive index grating at this beat frequency. This refractive in-

dex grating is responsible for the nonlinearities associated with semiconductor optical

amplifiers. SOAs are amplifying nonlinear medium, whereas parametric amplifiers in

HNLF, silicon based platforms are essentially of absorbing nature. As a consequence

of this, the efficiency of the nonlinear processes are higher in SOA compared to that

of other parametric amplifiers. In HNLF based fiber optic parametric amplifiers, pump

power in the order of few hundred milliwatts is required to provide significant gain to

the incoming signal. Whereas, a few milliwatts of pump power is enough to initiate

nonlinearities in SOA because of its associated amplifying nature. ASE noise is absent

in HNLF based parametric amplifiers as it does not involve any transitions between

real energy levels. However, the requirement of phase modulation of pump to suppress

SBS in HNLF makes the experimental setup quite complex in order to achieve viable

amplification of phase modulated data with lesser phase corruption. Hence, the com-

pact nature, power efficiency and easier realization of nonlinear processes make SOA



as a potential competent for optical signal processing applications as a nonlinear media.

In SOAs, several nonlinear optical processing techniques like phase conjugation (Sob-

hanan et al. (2019), Sobhanan and Venkitesh (2018)), wavelength conversion (Nesset

et al. (1998), Leuthold et al. (2000)) and phase quantization (Bottrill et al. (2015)) have

been demonstrated in the past.

4.1.1 Modelling of SOA

The pulse propagation in SOAs can be explained by the following set of rate equa-

tions for the carrier density N(z, t) and optical field A(z, t) (Premaratne et al. (2008),

Agrawal (1988)) as

∂N(z, t)

∂t
=

I

qV
− N(z, t)

τs
− g(z, t)

2π|A|2
hω

(4.1)

where z and t denote space and time coordinates respectively, V corresponds to the

volume of the active region, q is the electron charge, I is the injection current, ω is the

operating frequency and τs represents the carrier lifetime. The gain coefficient g(z, t)

is defined as

g(z, t) = Γa[N(z, t)−N0] (4.2)

where Γ describes the fraction of energy confined within the active region, a is the

differential gain coefficient and No represents the carrier density at which the SOA

becomes transparent. From equations 4.1 and 4.2, it can be obtained that

∂g

∂t
=
g0 − g
τs

− g|A|2
Esat

(4.3)

where Esat is the saturation energy of SOA, above which the SOA is heavily saturated

and is expressed by the relation Esat = hωσ
2πa

and σ is the modal cross-sectional area. g0

represents the small signal gain coefficient and is given by the following expression as

g0 = ΓaN0

(
I

I0

− 1

)
(4.4)

where I0 = qV No

τs
denotes the current at which the SOA becomes transparent. A =

√
Pejφ represents the optical field where P and φ correspond to the power and phase
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of the optical field respectively. By shifting to the frame of reference that moves along

with the pulse τ = t − z
vg

, the equations through 4.1 and 4.3 can be summed up into

following set of equations (Agrawal and Olsson (1989)).

∂P

∂z
= (g − αint)P

∂φ

∂z
= −1

2
αLg

∂g

∂τ
=
g0 − g
τs

− gP

Esat

(4.5)

where αint represents the internal loss and αL describes the linewidth enhancement

factor. The solution for the set of equations listed in 4.5 is given by

Pout(τ) = Pin(τ)e(h(τ)−αintL)

φout(τ) = φin(τ)− 1

2
αLh(τ)

(4.6)

where Pin(τ) and Pout(τ) correspond to the input and output powers respectively and

φin(τ) and φout(τ) correspond to the input and output phases respectively. The func-

tion h(z, τ) is the integrated gain at each point of the pulse profile and is given by the

following equation

h(τ) =

∫ L

o

g(z, τ)dz

dh

dτ
=
goL− h
τs

− Pin(τ)

Esat
[eh − 1]

(4.7)

To include the effects of spectral hole burning and carrier heating as well, the parameters

∆hshb and ∆hch are defined and included in the solution (Naimi et al. (2014)) as

∆hch =
−h

h− αintL
(e(h−αintL) − 1)Pin(τ)εch

∆hshb =
−h

h− αintL
(e(h−αintL) − 1)Pin(τ)εshb

Pout(τ) = Pin(τ)e(h(τ)+∆hch+∆hshb−αintL)

φout(τ) = φin(τ)− 1

2
αLh(τ)− 1

2
αch∆hch

(4.8)

where αch is the carrier heating gain phase coupling factor, εch and εshb correspond

to nonlinear gain suppression factor due to carrier heating and spectral hole burning

respectively. The equations 4.6, 4.7 and 4.8 are numerically solved using predictor cor-
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rector method (Wang et al. (2007)) to obtain the solutions and analyse the amplification

process in SOA systematically.

4.1.2 Phase insensitive and phase sensitive gain

The parameters of SOA used in the simulation are listed in the following Table.4.1.

Table 4.1: SOA simulation parameters

Notation Parameter Value
goL Gain parameter 10
αintL Internal loss 4
τs Carrier lifetime 25 ps
αL Linewidth enhancement factor 4
Psat(

Esat

τs
) Saturation power 2 mW

εch Carrier heating nonlinear gain suppression factor 0.5 W−1

εshb Spectral hole burning nonlinear gain suppression factor 2 W−1

αch Carrier heating gain phase coupling factor 0.5

In order to study the phase insensitive amplification in degenerate configuration in

SOA, a pump and a signal have been considered at the input with the idler being absent

at the input of SOA. The pump wavelength is fixed at λp = 1550 nm and the signal

wavelength is tuned to obtain the PIA gain spectra in SOA. The gain spectra and idler

conversion efficiency spectra for a fixed pump power of Pp = 0 dBm and different

signal power levels are shown in Figure 4.1a and Figure 4.1b respectively.
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Figure 4.1: Degenerate pump configuration SOA PIA (a) signal gain spectra for (b)
idler conversion efficiency for different signal power levels; Pp = 0 dBm

It can be seen that the gain and the idler conversion efficiency are asymmetric and

remain almost the same for different values of signal power. As the signal power ap-
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proaches the pump power, a reduction can be noticed in the gain and idler conversion

efficiency bandwidth. The dependence of gain and idler conversion efficiency spectra

on pump power are plotted in Figure 4.2a and Figure 4.2b respectively for a fixed input

signal power of −20 dBm.
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Figure 4.2: Degenerate pump configuration SOA PIA (a) signal gain spectra (b) idler
conversion efficiency for different pump powers; Ps = −20 dBm
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Figure 4.3: PSA signal gain as a function of input phase relation for different wave-
length detunings in SOA; Pp = 0 dBm, Ps = −10 dBm

It can be seen that the pump power severely affects the gain spectra as expected.

If the pump power and signal power are comparable, there is no significant four wave

mixing process happening and hence results in a flat and higher gain for the signal

and a lesser idler conversion efficiency. It can be seen that the idler efficiency reduces

with the decrease in the pump power as expected. However in the higher regime of the

pump power, the idler conversion efficiency decreases because of saturation of SOA.

sec:SBSintro In the presence of both signal and idler waves available at the input of

SOA, the signal undergoes phase sensitive amplification. The gain experienced by the
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signal is plotted as a function of input phase relation (φ = 2φp − φs − φi) in Figure 4.3

for different signal detunings. The idler and signal are assumed to have a same power

of −10 dBm at the input along with a pump power of 0 dBm. It can be seen that the

signal gain varies as a function of both phase and wavelength similar to that of HNLF

(see Section 2.3.2).

4.2 Phase conjugation and signal amplification with mod-

ulated data in SOA

Figure 4.4: Schematic of SOA simulation setup for degenerate pump configuration

In order to deduce the efficacy of SOA as a potential nonlinear medium for com-

munication applications, it is highly important to establish the performance of SOA

for phase shift keying signals. The following simulations are executed in MATLAB

using Optilux (Serena et al. (2009)), the optical simulator toolbox. The schematic of

the simulation setup is shown in Figure 4.4 .The pump operating at a wavelength of

1550 nm of linewidth ∆fp = 100kHz is assumed. Also, the signal operating a detun-

ing of fs − fp = −150 GHz of linewidth ∆fs = 100 kHz is considered at the input.

The signal is modulated with QPSK data of 20 GBd data rate and is assumed to have

a simple raised cosine (RC) waveform with zero roll-off factor. The signal is filtered

using a Bessel filter of second order with 60 GHz bandwidth in order to eliminate the

out-of-band noise. The OSNR of the input signal is modified by adding correspond-

ing noise power to the signal as required. The signal along with the pump is passed

through the SOA model as described in the previous section (see Section 4.1.1). To

simulate the ASE noise in SOA, a noise variance at quantum levels is also considered at

the input of SOA. The received signal and idler are filtered using ideal band pass filters

of bandwidth 100 GHz each. A relatively large bandwidth is chosen to capture the
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maximum power in the signal or idler. A moving average filer is employed as matched

filter to increase the signal to noise ratio (Madhow (2008)) that results in an improved

performance. As the input signal and pump lasers are assumed to have phase noise, it is

crucial to implement corresponding DSP techniques to recover the phase of the carrier.

Hence, a carrier phase recovery technique using fourth power of data (Noe (2005)) is

employed in conjunction with Kalman filtering (Kalman (1960)) as the signal contains

amplitude noise as well. The parameters considered in the QPSK simulations are also

listed in Table.4.2.

Table 4.2: QPSK simulation parameters

Parameter Value
Signal data-rate 20 GBd
Signal Modulation NRZ QPSK
NRZ roll-off 0
Number of symbols 216

Number of samples per symbol 50
Sampling rate 1000 GHz (1 ps)
Pump wavelength 1550 nm
Signal detuning fs − fp −150 GHz
Signal laser linewidth 100 kHz
Pump laser linewidth 100 kHz
Input signal filter Bessel (order 2) of 60 GHz bandwidth
Receiver side signal/ idler filter Ideal filter of 100 GHz bandwidth

The spectrum of the signal at the input and the output of SOA are plotted in Figure

4.5a and Figure 4.5b respectively. The pump and signal powers considered are 0 dBm

and−10 dBm respectively and the signal has an OSNR of 30 dB at the input. The scat-

ter plot of recieved signal and idler after processing using DSP algorithms are plotted in

Figure 4.6a and Figure 4.6b respectively. It can be seen that the signal and idler have a

BER of 0 for the given input power and OSNR considerations. Also, it can be noted that

the constellation of idler has an angular spread which can be attributed to its broadened

line width (4∆fp + ∆fs) resulting from the phase noise transefer from the pump and

the signal. The BER as a function of input signal OSNR is plotted in Figure 4.7 for an

input signal power and a pump power of −10 dBm and 0 dBm respectively. The BER

vs OSNR performance is compared against the theoretical BER vs OSNR relationship
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(a)

(b)

Figure 4.5: Spectrum at (a) input of SOA (b) output of SOA; Pp = 0 dBm, Ps =
−10 dBm, input signal OSNR = 30 dB

(a) (b)

Figure 4.6: Scatter plot of (a) received signal (b) received idler; Pp = 0 dBm, Ps =
−10 dBm, input signal OSNR = 30 dB

for QPSK signal in AWGN channel given by the following expression

BER =
1

2
erfc

(√
Eb
N0

)
OSNR = p

Rs

2Bref

k
Eb
N0

(4.9)

where p = 1 refers to the number of polarizations involved, k = 2 refers to the modu-

lation order, Rs = 20 GBd refers to the data rate and Bref = 12.5 GHz refers to the
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reference noise bandwidth of 0.1 nm at a center frequency of 1550 nm. From Figure

4.7, it can be observed that back-to-back signal performance falls on the theoretical

curve as expected. However, the signal and idler at the output of SOA suffers an OSNR

penalty compared to the theoretical curve. Also, the OSNR penalty experienced by the

idler is larger when compared to that of the signal because of its broadened linewidth.
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Figure 4.7: BER vs OSNR performance for QPSK data in SOA; Pp = 0 dBm, Ps =
−10 dBm
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Figure 4.8: OSNR penalty at a BER of 10−3 for signal and idler in SOA; solid line
represents signal and dashed line represents idler

In order to ascertain the signal and idler performances in SOA for different input

conditions, the OSNR penalty experienced by the signal and idler in SOA with respect

to theoretical value at a BER of 10−3 is plotted in Figure 4.8. It can be seen that the idler

experiences a higher penalty for all the power conditions compared to the signal owing

to its broadened linewidth. In the higher pump regime, the penalty is lesser for both

signal and idler for all signal power levels and remain almost constant because of the
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gain saturation in the medium. The gain oscillations is absent in SOA when the pump

power dominates over the signal power. However in the lower pump power regime, the

OSNR penalty increases drastically when the signal and pump powers are comparable.

This can be attributed to the gain oscillations in SOA due to the input signal which is

highly prevalent when the signal power is comparable with the pump power. It also has

been experimentally shown by Sobhanan et al. (2019) that the NF of SOA is ≈ 0 dB

for the incoming signal with OSNR in the range of 10 dB− 30 dB. Also, the conjugate

also retains the input signal OSNR for values < 28 dB when fs < fp. Hence, by

choosing appropriate input powers for both signal and pump, it is possible to attain

minimal penalty for both signal and idler at the output of SOA, which is desirable for

optical signal processing applications.

4.3 Mid-span spectral inversion using optical phase con-

jugation

Optical phase conjugation (OPC), employed mid-span, is recognized as one of the effi-

cient all-optical methods to mitigate the impairments due to both chromatic dispersion

and Kerr nonlinearities in long haul optical fiber links (Minzioni et al. (2005), Jansen

et al. (2006)). Optical phase conjugation employed mid-span creates a spectrally in-

verted copy of the distorted signal. The pulse evolution in the fiber spans after mid-

span OPC, if symmetric to that before of OPC, results in compensation of chromatic

dispersion and nonlinear impairments. One of the primary limitations of MSSI is that it

is practically difficult to achieve symmetric power profile which makes it impossible to

achieve complete compensation of nonlinear impairments. As a consequence of this, the

performance of MSSI decreases with the launch power (Minzioni and Schiffini (2005)).

Mid-span spectral inversion (MSSI), using phase conjugate generation in HNLF, have

been experimentally demonstrated in the past for mitigation of nonlinear impairments

in long haul fiber links (Al-Khateeb et al. (2018), Solis-Trapala et al. (2015)). However,

it is exigent to establish the performance of MSSI using SOA for generating the phase

conjugate because of its various allied advantages over HNLF which is the primary

focus of this section.
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4.3.1 MSSI using phase conjugation in SOA

The schematic of MSSI is shown in Figure 4.9. The signal is modulated with QPSK data

of parameters listed in Table.4.2 and is launched into the fiber link. Each span is made

up of 80 km of fiber subsequently followed by an EDFA of 16 dB gain and 5 dB noise

figure. OPC stage is used to obtain the spectrally inverted of the distorted signal at mid-

span. The conjugate of the signal is then subsequently passed through the remaining

fiber spans before being received using coherent receiver for further processing. The

phase conjugation is employed using SOA and the signal is maintained at a detuning of

fs− fp = −150 GHz in OPC stage. The pump power and signal power are considered

as 3 dBm and−10 dBm at the input of SOA. The values of power chosen are such that

the OSNR penalty experienced by the conjugate (idler) is minimized along with power

maximization, based on the discussions held in the previous section (see Section.4.2).

Figure 4.9: Schematic of MSSI
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Figure 4.10: MSSI performance as a function of number of spans for a launch power of
3 dBm

The best performance that can be achieved using MSSI is by employing an ideal

phase conjugator which does not involve any phase noise transfer from the pump and

the signal to the generated conjugate. Hence, this sets the theoretically achievable limit

for the performance of MSSI. The performance of MSSI using SOA as a function of
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number of spans in the link is plotted in Figure 4.10 for a launch power of 3 dBm and

is compared against the theoretical limit of MSSI using an ideal phase conjugator. The

impairments due to chromatic dispersion can also be electronically compensated using

a digital coherent receiver (Savory et al. (2007)). Hence, the performance of chromatic

dispersion compensation (CDC) technique is also plotted in Figure 4.10 for an insightful

comparison. It is clear that CDC does not compensate nonlinear impairments and is

expected to perform poorly when compared to MSSI especially in higher power regime.

Error vector magnitude (EVM) is used a performance metric as BER is 0 for most

of the cases. From Figure 4.10, it can observed that the MSSI using SOA performs

poorly when compared to that of MSSI using ideal phase conjugation because of its

associated broadened linewidth of the generated conjugate. Also, the performance of

MSSI decreases gradually with the number of spans which can be attributed to both

ASE noise addition in EDFA and residual uncompensated nonlinear distortions at larger

lengths of fiber link. However, the performance of CDC worsens drastically with the

number of spans as the nonlinear impairments remains uncompensated.
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Figure 4.11: MSSI performance as a function of launch power for a fixed number of 10
spans before and after the OPC stage

In order to ascertain the efficacy of MSSI for different launch power levels, the

EVM performance of MSSI as a function of launch power is obtained by varying the

input launch power for a fixed number of 10 spans before and after the OPC stage

and plotted in Figure 4.11. It can be noted that the performance of MSSI worsens

significantly with the increase of launch power into the system because of increased

uncompensated residual nonlinear impairments, which critically limits the usefulness

of MSSI at higher launch power levels (> 4 dBm). However, the performance of CDC
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is extremely poorer when compared to MSSI, which illustrates the need for MSSI in

long haul optical communication links in order to compensate nonlinear impairments.

Based on the discussions held in this chapter, SOA proves to be one of the potential

competitor for optical signal processing applications. The advantages provided by SOA

is incontestable besides the fact that ASE noise is present in SOA. However, it has been

experimentally demonstrated that the noise addition due to SOA is negligible in the

OSNR ranges that are typically involved in the communication links (Sobhanan et al.

(2019)), which ensures the effectiveness of usage of SOA for nonlinear applications.
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CHAPTER 5

Conclusions and Future Work

In this report, a detailed analysis of nonlinear optical amplification in HNLF and SOA

have been presented along with the experimental results and simulation results. Based

on the discussions and analysis presented in chapter 2, PSA in FOPAs (HNLF) is iden-

tified to be one of the prominent ways of realizing low noise amplification in long haul

optical communication links. Also, it has been reported in Section 2.2.2 that it requires

around 23 dBm of pump power to provide a PIA gain of ≈ 5 dB to the incoming op-

tical signal which requires suppression of SBS in HNLF. The SBS threshold in typical

HNLF fiber of 1 km length is around 10 dBm, which has been experimentally increased

to ≈ 23 dBm by implementing phase modulation of pump laser using three sinusoidal

tones. The gain and idler conversion efficiency have been quantified for continuous

wave signals in degenerate pump configuration with active SBS suppression. However,

phase modulation of pump in degenerate pump configuration results in signification

corruption of phase shift keying signals due to the phase noise transfer from the mod-

ulation of pump. Hence, a dual pump configuration using counter phase modulation

has been experimentally implemented to realize effective amplification and phase con-

jugation of QPSK signals. The gain and idler conversion efficiency spectra of multiple

possible idlers have been experimentally obtained. However, the idler still had phase

noise resulting from pump modulation that needs to be analysed further. In order to

demonstrate PSA in HNLF, using SOA as a copier stage to generate phase phase locked

pump, signal and idler waves can be pursued further. Also, the noise figure of PIA and

PSA processes in HNLF should be obtained as a function of input OSNR and should be

compared against EDFA to experimentally establish the significance of PA. However,

the method of active suppression of SBS in HNLF using phase modulation increases

the complexity of the setup. Hence as a future work, dispersion decreasing fibers using

dopant variation (Li et al. (2005)) can be pursed to increase the SBS threshold pas-

sively. However, it will require sophisticated fabrication techniques to realize these

special fibers, but provides an irrefutable advantage over active suppression of SBS in

HNLF in terms of complexity of the experimental realization.



SOA though non-parametric in nature proves to have an upper hand over fiber based

amplifiers in terms of the complexities involved. In chapter 4, the PIA and PSA na-

ture of SOAs have been analysed using simulation results. Also, the simulation results

show that SOAs can be actively employed for communication applications involving

advanced modulation formats such as QPSK as the penalty provided by SOA for the

OSNR ranges typically encountered in the communication links is endurable because

of its other associated advantages. Also, the motivation behind MSSI in long haul com-

munication links has been discussed in Section 4.3.1 and MSSI using SOA for optical

phase conjugation has been analysed using simulation results. The simulation results

shows that SOA can be potentially used in the links as the performance does not deviate

significantly from the ideally achievable performance.
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1. Introduction
Optical phase conjugation (OPC) is recognized as one of the efficient methods to mitigate the impairments due to
both chromatic dispersion and Kerr nonlinearities in long haul optical fiber transmission systems [1]. Optical phase
conjugation is also a critical functionality in achieving phase sensitive amplification (PSA) where a noise figure of
smaller than 3 dB is achievable [2]. The second and third order nonlinearities in different nonlinear media such as
PPLN, HNLF and dielectric waveguides have been used in the past to successfully demonstrate optical phase conjuga-
tion [3–5]. However, the power required to initiate nonlinearities is of the order of tens/hundreds of mW for efficient
nonlinear conversion which renders them impractical. Semiconductor optical amplifiers (SOA) on the other hand have
proved to be an efficient and compact platform that requires much smaller optical power levels to invoke nonlinearities.
In the past, we have demonstrated phase conjugation, wavelength conversion and phase quantization using nonlinear
semiconductor optical amplifier (NL-SOA) [6–8].

The gain provided by SOA is fundamentally non-parametric in nature and it is generally perceived that the spon-
taneous noise introduced by SOA will make it incompetent for applications in nonlinear optical signal processing. In
this work, we experimentally evaluate the noise performance of a nonlinear SOA in the context of optical phase con-
jugation. In most of the previous works, the performance of the generated conjugate was evaluated by noise loading
the filtered conjugate and measuring the bit error rate (BER) as a function of the loaded OSNR. These measurements
assume a transmitter-class OSNR (> 25dB) at the input of the nonlinear medium and does not take into account the
noise transfer that could potentially occur due to the phase conjugation process in SOA at various input OSNR le-
vels. Since the PSA stage is typically envisaged to be placed mid-span, it is critical to evaluate the noise transfer as a
function of the input signal OSNR. PSA also requires a coherent mixing of signal and conjugate at the output of the
nonlinear device. In this work, we experimentally study the performance of both the signal and the conjugate at the
output of SOA for different input signal OSNRs for both continuous wave (CW) and 21 Gbaud QPSK signals.

2. Experimental setup
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Fig. 1. Experimental setup to study the noise transfer in the phase conjugation process in NL-SOAs (Components inside
the dashed box are only included in 21 Gbd QPSK transmission)

The experimental setup for the phase conjugation using nonlinear SOA (Kamelian-NL-SOA, recombination time
τs = 25 ps) is shown in Fig.1. The pump (frequency: fp, linewidth: ∆ fp = 100 KHz) is amplified through erbium doped
fiber amplifier (EDFA) and is subsequently filtered using a band pass filter (BPF BW: 0.1 nm). The signal (frequency:
fs, linewidth : ∆ fs = 40 KHz) from a tunable laser is noise loaded using an amplified spontaneous emission (ASE)
source and is coupled with the pump using a 3 dB coupler and is fed to the nonlinear SOA. In case of experiments with
QPSK modulation (21 Gbaud), the signal is fed to an optical IQ modulator driven by an arbitrary waveform generator
(65 GSa/s), prior to noise loading. The average power of the pump and the signal are maintained at 0 dBm and -8 dBm



respectively at the input of SOA for both continuous wave (CW) and QPSK modulated signals. The signal frequency
is tuned over a frequency offset of ±125 GHz with respect to the pump in order to measure the signal gain and the
conjugate conversion efficiency.

For CW case, we observe the output spectra in the OSA (NRT-8000) and measure the OSNR of the signal and the
generated conjugate (frequency: 2 fp − fs). For the phase modulated signal, the conjugate is observed in the OSA for
measuring the OSNR while the output signal and conjugate are filtered independently using waveshaper (WSS-1000s:
Finisar) and fed to a phase and polarization diverse coherent receiver. The detected signals (both I and Q) are then
digitized using ADC (80 GS/s) and this data is further processed using the standard digital processing algorithms to
obtain the BER for different input OSNRs. In all the experiments that involve BER calculations, it is ensured that the
power incident on the receiver is maintained constant.
3. Results and discussions
The signal gain and the conjugate conversion efficiency (defined as ratio of output conjugate power to the input signal
power) are shown as the function of detuning ( fs − fp) for the CW case in Fig. 2(a). The figure indicates that the
conversion efficiency is > 0 dB for a detuning <±40 GHz. In addition, the signal is also amplified in the process with
a gain of > 10 dB for negative detuning. The signal gain and the conversion efficiency are found to be higher in the
negative detuning regime, which is the characteristic of the SOA gain tilt. From Fig. 2(a), it is also possible to identify
the exact detuning for which the conjugate and signal powers maintain a specific ratio at the output, which are relevant
for PSA applications. We now proceed to experimentally measure the OSNRs of the output signal and the conjugate
for a fixed detuing of 100 GHz,, for both positive and negative detuning regimes. This specific detuning was chosen
for convenience in filtering and to avoid ambiguity in OSNR measurements. The OSNRs of the output signal and the
conjugate are shown in Fig.2(b) for different input signal OSNRs.
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Fig. 2. (a) Signal gain and conjugate conversion efficiency vs detuning ( fs − fp) for CW signal (b) Output OSNR of the
signal and conjugate vs input OSNR for both fs < fp and fs > fp cases for CW signal

We observe an OSNR retention in the signal after the phase conjugation process in SOA for both fs < fp and fs > fp
cases (Fig.2(b)). For the case fs < fp, the conjugate retains the input signal OSNR for values < 28 dB, where after
it starts to progressively degrade. At larger values of input OSNR the noise floor is dominated by thermal noise, and
hence there is a significant ASE noise introduced by the SOA at the conjugate frequency which degrades the OSNR.
In case of fs > fp, the OSNR of the conjugate degrades for the case compared to that of the signal for all values of
input OSNR. This can be attributed to its smaller conversion efficiency as evident in Fig. 2(a).
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Fig. 3. (a) SOA input and output spectra for different OSNR values (b) Output OSNR of the signal and the conjugate vs
input OSNR for 21 Gbaud QPSK signal ( fp > fs)

We proceed with fs < fp configuration for 21 Gbaud QPSK experiment. The input and output spectra at NL-SOA
for 21 Gbaud QPSK modulated signal are shown in Fig.3(a). This figure shows that the conjugate of the modulated



signal is generated with a conversion efficiency of around 0 dB and the signal experiences a gain of around 10 dB at
a detuning of 100 GHz. The OSNRs of the output signal and the conjugate are shown in Fig.3(b) for different input
signal OSNRs. The OSNR performance of the phase modulated data is similar to that of the CW case. For the power
levels used in our experiments the effect of noise figure of the NL-SOA is not evident. However, the chirp introduced
by the SOA is expected to degrade the quality of the phase modulated data. In order to visualize this, we observe the
constellation plots of the amplified signal both in the presence and the absence of pump at two different OSNR values,
as shown in Fig.4(a).
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Fig. 4. (a) Signal constellations at the input, output (without pump), output (with pump) for two OSNR values (15.5 dB and
30.8 dB), (b) BER vs OSNR performance for back-to back, signal after SOA, conjugate

In the absence of pump, signal acquires significant nonlinear phase noise which results in a BER of ≈ 1e-4 for both
higher and lower OSNR values. However in the presence of pump, it can be seen from the constellation plots that the
amplified signal does not undergo any phase distortion, which is corroborated by an improved BER. This implies that
the signal does not get affected by the chirp from the nonlinear SOA in the presence of pump.

We now proceed to quantify the influence of chirp in the conjugate by analysing the BER performance as a function
of input OSNR, and compare with back to back signal performance for data modulated at 21 Gbaud QPSK. The results
are shown in Fig.4(b). The performance of the output signal is identical to that of the back-to-back configuration, thus
proving that there is no significant noise addition due to SOA even with a gain of > 10 dB.The generated conjugate is
observed to have a penalty of ≈1 dB for all OSNR values. This degradation can be attributed to the increased phase
noise in the conjugate due to its broadened linewidth (4∆ fp +∆ fs) when compared to the input signal. It should be
noted that and this phase noise addition is characteristic of the FWM process with uncorrelated inputs, and not specific
to SOA.
4. Conclusion
We demonstrate the amplification of the signal and generation of conjugate without additional noise introduced by
the SOA, in phase conjugation process. The variation of output signal and conjugate OSNR is measured for different
ONSR levels of the input signal and have proved OSNR retention for both signal and conjugate for detuning conditions
where fs < fp. In the absence of pump, signal amplification in nonlinear SOA is accompanied with nonlinear phase
distortions, whereas these distortions are completely suppressed in the presence of the saturating pump. BER evaluated
for the output signal and conjugate as a function of input OSNR shows that the signal retains the data quality while the
penalty (< 1 dB) observed in the conjugate is only due to the phase noise addition in SOA. The NF of SOA is not of
concern under the power levels used for nonlinear applications. Hence, we provide conclusive evidence on the utility
of the SOA towards phase conjugation and phase sensitive amplification.
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APPENDIX B

MATLAB codes for the simulations

B.1 SOA Model

%Author Sean O D u i l l

f u n c t i o n [ hdo t ] = dhd t ( soa , p_in , h_ in )

% c a l c u l a t e s t h e SOA r a t e e q u a t i o n f o r t h e t ime

% d e r i v a t i v e f o r t h e SOA g a i n c o e f f i c i e n t

hdo t = ( soa . h0 − h_ in ) / soa . t a u _ s − ( h_ in / ( h_in−soa . l o s s ) ) ∗ . . .

p_ in ∗ ( exp ( h_in−soa . l o s s ) −1 ) / ( soa . p _ s a t ∗ soa . t a u _ s ) ;

end

% −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
%Author Sean O D u i l l

f u n c t i o n [ h_new ] = s o l v e _ h ( soa , t i m e s t e p , p_in , h_ in )

%P r e d i c t o r−C o r r e c t o r method t o s o l v e f o r h

% c a l c u l a t e one e u l e r s t e p , use t h i s v a l u e t o pe r fo rm a n o t h e r e u l e r s t e p .

% t h e n t h e u p d a t e d v a l u e f o r h depends on t h e a v e r a g e o f t h e s e two v a l u e s

dh1 = dhd t ( soa , p_in , h_ in ) ;

h_dash = dh1∗ t i m e s t e p + h_ in ;

dh2 = dhd t ( soa , p_in , h_dash ) ;

h_new = 0 . 5 ∗ ( dh1+dh2 )∗ t i m e s t e p + h_ in ;

end

% −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
f u n c t i o n [ s o a _ o u t _ f i e l d ] = s o a _ b l o c k ( soa , t i m e s t e p , e _ i n )

% Th i s f u n c t i o n r e a d s i n a e l e c t r i c f i e l d s i g n a l and c a l c u l a t e s t h e

% o u t p u t e l e c t r i c f i e l d s i g n a l a t t h e o u t p u t o f an SOA. i n p u t e l e c t r i c

% f i e l d assumed t o be complex i n n a t u r e due t o advanced md . f o r m a t s .

% t i m e s t e p = 1e−12; % d e t e r m i n e s t h e s i g n a l s am p l i n g r a t e and t h e t i m e s t e p

% t o s o l v e SOA r a t e e q u a t i o n

% soa = s o a _ s p e c ;% soa = s t r u c t ( ’ l o s s ’ , 2 , ’ h0 ’ , 8 , ’ a lpha ’ , 4 , . . .

% ’ t a u _ s ’ , ’ p _ s a t ’ , 0 . 0 1 ) ; % soa p a r a m t e r s l o s s , u n s a t u r a t e d g a i n c o e f f ,

% a l p h a f a c t o r , , c a r r i e r l i f e t i m e , and s a t u r a t i o n power



N = l e n g t h ( e _ i n ) ;

p_ in = abs ( e _ i n ) . ^ 2 ; % c a l c u l a t e t h e power ( i n t e n s i t y ) o f t h e incoming wave ;

h _ t = z e r o s ( 1 ,N ) ; %c r e a t e a r r a y f o r h ( t )

h_ in = soa . h0 ; % I n i t i a l i s e h t o be t h e u n s a t u r a t e d g a i n c o e f f i c i e n t

f o r a = 1 :N %c a l c u l a t e s t h e SOA g a i n as a f u n c t i o n o f t ime

h _ t ( a ) = s o l v e _ h ( soa , t i m e s t e p , p_ in ( a ) , h_ in ) ;

h_ in = h _ t ( a ) ; % u p d a t e s h

end

d e l _ h _ c h =−1∗h _ t . / ( h_t−soa . l o s s ) . ∗ ( exp ( h_t−soa . l o s s )−1) .∗ p_ in ∗ soa . eps_ch ;

d e l _ h _ s h b =−1∗h _ t . / ( h_t−soa . l o s s ) . ∗ ( exp ( h_t−soa . l o s s )−1) .∗ p_ in ∗ soa . eps_shb ;

% m u l t i p l y t h e i n p u t f i e l d by t h e complex v a l u e d SOA g a i n

% ( i n c l u d i n g a l p h a ) t o g e t t h e o u t p u t f i e l d

s o a _ o u t _ f i e l d = e _ i n .∗ exp (0 .5∗ (−1∗ soa . l o s s + h _ t .∗(1−1 i ∗ soa . a l p h a ) + . . .

d e l _ h _ c h .∗(1−1 i ∗ soa . a l p h a _ c h )+ d e l _ h _ s h b . ∗ soa . eps_shb ) ) ;

end

B.2 QPSK simulations in SOA

%Author K a r t h i k V i j a y Annur Myilswamy and Anirudh V i j a y

f u n c t i o n [ Sig , Sig_Rx , Id l e r_Rx , B2B] = SOA_QPSK( Sig , OSNR_dB , Pump , soa )

%% C o n s t a n t s

a d d p a t h ( ’ . . \ . . \ o p t i l u x _ v 0 . 1 \ O p t i l u x _ f i l e s \ ’ )

c = 3 e8 ;

%% Pump p a r a m e t e r s

lam_p = Pump . lam_p ; %i n nm

P_pump = Pump . pow ; %i n w a t t

f_p = c / lam_p ;

lw_pump = 100 e3 / 1 e9 ;

%% S i g n a l p a r a m e t e r s

S ig . P_sig_dbm = −8;

S ig . P _ s i g = 1e−3∗10^( S ig . P_sig_dbm / 1 0 ) ; % i n w a t t

S ig . OSNR_dB = 2 0 ;

S ig . Symbrate = 2 0 ; % Symbol r a t e

S ig . ModOrder = 2 ;
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%% System

Sig . Nsymb = 2 ^1 4 ; % Number o f symbols

s p e c t . T = Sig . Nsymb / ( S ig . Symbrate / 1 0 0 0 ) ; %i n p i c o s e c o n d s

s p e c t . d t = 1 ; %i n p i c o s e c o n d s

s p e c t . t = −s p e c t . T / 2 + ( 0 : s p e c t . d t : s p e c t . T−s p e c t . d t ) ; . . .

% Time a x i s from −T / 2 t o T / 2 wi th sa m p l i n g d t

s p e c t . f s = 1000 / s p e c t . d t ; % Sampl ing f r e q u e n c y i n GHz

s p e c t . d f = 1000 / s p e c t . T ; % i n GHz

s p e c t . f = (− s p e c t . f s / 2 + ( 0 : s p e c t . d f : s p e c t . f s−s p e c t . d f ) ) ;

% f p r i n t f ( ’ \ nTime window = %2.1 f ps \ n ’ , s p e c t . T )

% f p r i n t f ( ’ Sampl ing f r e q u e n c y = %u GHz \ n ’ , s p e c t . f s )

s p e c t . Npts = l e n g t h ( s p e c t . t ) ;

S ig . Nt = 1 0 0 0 / ( s p e c t . d t ∗Sig . Symbrate ) ;

S ig . lw = 100 e3 / 1 e9 ;

%% Detun ing

D e l f _ s i g = Sig . De l f ; % i n GHz

[ va l , i n d ] = min ( abs ( D e l f _ s i g − s p e c t . f ) ) ;

D e l f _ s i g = s p e c t . f ( i n d ) ;

f _ s = f_p − D e l f _ s i g ;

f _ i = 2∗ f_p − f _ s ;

S ig . lam_s = c / f _ s ;

%% O p t i l u x Se tup

r e s e t _ a l l ( S ig . Nsymb , S ig . Nt , 1 ) ;

du ty = 1 ; % du ty c y c l e

r o l l = 0 ; % p u l s e r o l l −o f f

%% G e n e r a t i n g d a t a

S ig . Symbs = qammod ( r a n d i ( [ 0 , 2 ^ S ig . ModOrder−1] ,1 , S ig . Nsymb ) , 2 ^ S ig . ModOrder ) ;

S ig . b i t s = qamdemod ( S ig . Symbs , 2 ^ Sig . ModOrder , ’ OutputType ’ , ’ b i t ’ ) ;

E_i = e l e c t r i c s o u r c e ( S ig . b i t s ( 1 , : ) , ’ bpsk ’ , S ig . Symbrate , ’ c o s r o l l ’ , duty , r o l l )

E_q = e l e c t r i c s o u r c e ( S ig . b i t s ( 2 , : ) , ’ bpsk ’ , S ig . Symbrate , ’ c o s r o l l ’ , duty , r o l l )

E_i = c i r c s h i f t ( E_i , c e i l ( S ig . Nt / 2 ) ) ;

E_q = c i r c s h i f t ( E_q , c e i l ( S ig . Nt / 2 ) ) ; % G e n e r a t i o n o f I and Q symbols

d e l _ p h i _ l a s e r _ s i g = randn ( l e n g t h ( E_i ) , 1 ) ∗ s q r t (2∗ p i ∗Sig . lw∗ s p e c t . d t / 1 0 0 0 ) ;

p h i _ l a s e r _ s i g = cumsum ( d e l _ p h i _ l a s e r _ s i g ) ;

E _ s i g _ l a s e r = ones ( l e n g t h ( E_i ) , 1 ) . ∗ exp (1 j ∗ p h i _ l a s e r _ s i g ) ; . . .
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%Adding phase n o i s e

s i g _ s i g = q i _ m o d u l a t o r ( E _ s i g _ l a s e r , E_i ,−E_q ) . ’ ;

s i g _ s i g = s i g _ s i g / rms ( s i g _ s i g )∗ s q r t (1 e−3∗db2pow ( Sig . P_sig_dbm ) ) ;

%% Noise Loading i n S i g n a l

NP = Sig . P_sig_dbm − OSNR_dB ; % Noise i n 0 . 1nm i n dBm

NP_tot = 10∗ l og10 ( s p e c t . f s / 1 2 . 5 ) + NP ; % T o t a l Noise Power i n dBm

Noise_add = ( ( r andn ( s i z e ( s i g _ s i g ) ) + . . .

1 j ∗ r andn ( s i z e ( s i g _ s i g ) ) ) ∗ s q r t ( 0 . 5∗1 e−03∗db2pow ( NP_to t ) ) / s q r t ( 2 ) ) ;

b 2 b _ s i g = s i g _ s i g + Noise_add ;

b 2 b _ s i g _ f r e q = f f t s h i f t ( f f t ( b 2 b _ s i g ) ) ;

%% S i g n a l F i l t e r i n g

[ b , a ] = b e s s e l f ( 2 , 3 0 ) ;

f i l _ f r e q = abs ( f r e q s ( b , a , s p e c t . f ) ) ;

s i g _ f i l _ f r e q 1 = f i l _ f r e q . ∗ b 2 b _ s i g _ f r e q ;

s i g _ s i g _ f i l t = i f f t ( i f f t s h i f t ( s i g _ f i l _ f r e q 1 ) ) ;

%% G e n e r a t i n g Pump

d e l _ p h i _ l a s e r _ p u m p = randn ( l e n g t h ( E_i ) , 1 ) ∗ s q r t (2∗ p i ∗ lw_pump∗ s p e c t . d t / 1 0 0 0 ) ;

p h i _ l a s e r _ p u m p = cumsum ( d e l _ p h i _ l a s e r _ p u m p ) . ’ ;

pump_sig = ones ( 1 , s p e c t . Npts ) . ∗ exp (1 j ∗ p h i _ l a s e r _ p u m p )∗ s q r t ( P_pump ) ;

pump_s ig_ f r eq = f f t s h i f t ( f f t ( pump_sig ) ) / l e n g t h ( pump_sig ) ;

%% G e n e r a t i n g t o t a l s i g n a l

t o t a l _ s i g = pump_sig + s i g _ s i g _ f i l t .∗ exp (1 j ∗2∗ p i ∗D e l f _ s i g ∗ s p e c t . t / 1 0 0 0 ) ;

%% SOA

t o t a l _ s i g _ p r o p = c o n j ( s o a _ b l o c k ( soa , s p e c t . d t ∗1e−12 , c o n j ( t o t a l _ s i g ) ) ) ;

t o t a l _ s i g _ p r o p _ f r e q = f f t s h i f t ( f f t ( t o t a l _ s i g _ p r o p ) ) ;

%% F i l t e r i n g o f B2B S i g n a l

BW_fil = 100 ;

F i l _ s i g _ b 2 b = ones ( 1 , l e n g t h ( s p e c t . f ) ) ;

F i l _ s i g _ b 2 b ( abs ( s p e c t . f ) > BW_fil / 2 ) = 0 ;

b 2 b s i g _ f i l _ f r e q = b 2 b _ s i g _ f r e q . ∗ F i l _ s i g _ b 2 b ;

b 2 b s i g _ f i l = i f f t ( i f f t s h i f t ( b 2 b s i g _ f i l _ f r e q ) ) ;

b 2 b s i g _ f i l 1 = movsum ( b 2 b s i g _ f i l , S ig . Nt ) ;

60



%% F i l t e r i n g o f S i g n a l

F i l _ s i g = ones ( 1 , l e n g t h ( s p e c t . f ) ) ;

F i l _ s i g ( abs ( s p e c t . f−D e l f _ s i g ) > BW_fil / 2 ) = 0 ;

s i g _ f i l _ f r e q = t o t a l _ s i g _ p r o p _ f r e q . ∗ F i l _ s i g ;

s i g _ f i l _ f r e q = c i r c s h i f t ( s i g _ f i l _ f r e q ,−D e l f _ s i g / s p e c t . d f ) . ∗ c o n j ( f i l _ f r e q ) ;

s i g _ f i l = i f f t ( i f f t s h i f t ( s i g _ f i l _ f r e q ) ) ;

s i g _ f i l 1 = movsum ( s i g _ f i l , S ig . Nt ) ;

s t a r t _ p t = c e i l ( S ig . Nt / 2 ) ;

s i g 1 = s i g _ f i l 1 ( ( S ig . Nt+ s t a r t _ p t ) : S ig . Nt : ( 1 0 1∗ Sig . Nt+ s t a r t _ p t ) ) ;

s i g 1 _ t x = s i g _ s i g ( ( S ig . Nt+ s t a r t _ p t ) : S ig . Nt : ( 1 0 1∗ Sig . Nt+ s t a r t _ p t ) ) ;

r o t n = s i g 1 . / s i g 1 _ t x ;

s i g _ f i l 1 = s i g _ f i l 1 ∗ exp (−1 j ∗ a n g l e ( mean ( r o t n ) ) ) ;

eyed iag ram ( s i g _ f i l 1 ( s t a r t _ p t +1: s t a r t _ p t +1000) , S ig . Nt ) ; % Eye diagram

t i t l e ( ’ Eye Diagram : S i g n a l , P o s t SOA’ )

%% F i l t e r i n g o f I d l e r

F i l _ i d l e r = ones ( 1 , l e n g t h ( s p e c t . f ) ) ;

F i l _ i d l e r ( abs ( s p e c t . f + D e l f _ s i g ) > BW_fil / 2 ) = 0 ;

s i g _ i d l e r _ f r e q = t o t a l _ s i g _ p r o p _ f r e q . ∗ F i l _ i d l e r ;

s i g _ i d l e r _ f r e q = c i r c s h i f t ( s i g _ i d l e r _ f r e q , + D e l f _ s i g / s p e c t . d f ) . ∗ f i l _ f r e q ;

i d l e r _ f i l = i f f t ( i f f t s h i f t ( s i g _ i d l e r _ f r e q ) ) ;

i d l e r _ f i l 1 = movsum ( i d l e r _ f i l , S ig . Nt ) ;

s t a r t _ p t = c e i l ( S ig . Nt / 2 ) ;

i d l e r 1 = i d l e r _ f i l 1 ( ( S ig . Nt+ s t a r t _ p t ) : S ig . Nt : ( 1 0 1∗ Sig . Nt+ s t a r t _ p t ) ) ;

s i g 1 _ t x = s i g _ s i g ( ( S ig . Nt+ s t a r t _ p t ) : S ig . Nt : ( 1 0 1∗ Sig . Nt+ s t a r t _ p t ) ) ;

r o t n = i d l e r 1 . / c o n j ( s i g 1 _ t x ) ;

i d l e r _ f i l 1 = i d l e r _ f i l 1 ∗ exp (−1 j ∗ a n g l e ( mean ( r o t n ) ) ) ;

eyed iag ram ( i d l e r _ f i l 1 (1+ s t a r t _ p t :1000+ s t a r t _ p t ) , S ig . Nt ) ;

t i t l e ( ’ Eye Diagram : I d l e r , P o s t SOA’ )

%% Demodula t ion o f B2B s i g n a l

b2bs ig_ rx_symbs = b 2 b s i g _ f i l 1 ( s t a r t _ p t : S ig . Nt : end ) ;

b2bs ig_ rx_symbs = b2bs ig_ rx_symbs / rms ( b2bs ig_ rx_symbs ) ;

t h e t a = 0 ; % Kalman F i l e r i n g and c a r r i e r phase r e c o v e r y

P = 0 ;

Q = 2∗ p i ∗ (4∗ lw_pump+ Sig . lw )∗ s p e c t . d t / 1 0 0 0 ;

A = 1 ;
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H = 1 ;

R = 1 / db2pow (OSNR_dB ) ;

f o r i i = 1 : l e n g t h ( b2bs ig_ rx_symbs )

t h e t a 4 = a n g l e ( ( b2bs ig_ rx_symbs ( i i )∗ exp (−1 j ∗ t h e t a ) ) . ^ 4 ) ;

i f t h e t a 4 >0

t h = ( t h e t a 4 − p i ) / 4 ;

e l s e

t h = ( t h e t a 4 + p i ) / 4 ;

end

t h e t a 0 = t h e t a + t h ;

a p r i o r i _ E r r o r C o v a r i a n c e = A∗P∗A’ + Q;

K = a p r i o r i _ E r r o r C o v a r i a n c e ∗H ’ / ( H∗ a p r i o r i _ E r r o r C o v a r i a n c e ∗H’ + R ) ;

t h e t a = t h e t a + K∗ ( t h e t a 0 − t h e t a ) ;

P = a p r i o r i _ E r r o r C o v a r i a n c e − K∗H∗ a p r i o r i _ E r r o r C o v a r i a n c e ;

b2bs ig_ rx_symbs ( i i ) = b2bs ig_ rx_symbs ( i i )∗ exp (−1 j ∗ t h e t a ) ;

end

b 2 b s i g _ b i t s _ r x = qamdemod ( b2bs ig_rx_symbs , 2 ^ Sig . ModOrder , . . .

’ Uni tAveragePower ’ , t r u e , ’ OutputType ’ , ’ b i t ’ ) ;

be r_b2b = sum ( sum ( b 2 b s i g _ b i t s _ r x ~= Sig . b i t s ) ) / numel ( S ig . b i t s ) ;

evm_b2b = rms ( b2bs ig_ rx_symbs − Sig . Symbs / s q r t ( 2 ) ) ;

%% Demodula t ion o f s i g n a l a f t e r SOA

s i g _ r x _ s y m b s = s i g _ f i l 1 ( s t a r t _ p t : S ig . Nt : end ) ;

s i g _ r x _ s y m b s = s i g _ r x _ s y m b s / rms ( s i g _ r x _ s y m b s ) ;

t h e t a = 0 ; % Kalman F i l e r i n g and c a r r i e r phase r e c o v e r y

P = 0 ;

Q = 2∗ p i ∗ (4∗ lw_pump+ Sig . lw )∗ s p e c t . d t / 1 0 0 0 ;

A = 1 ;

H = 1 ;

t h e t a _ s e t = z e r o s ( s i z e ( s i g _ r x _ s y m b s ) ) ;

f o r i i = 1 : l e n g t h ( s i g _ r x _ s y m b s )

t h e t a 4 = a n g l e ( ( s i g _ r x _ s y m b s ( i i )∗ exp (−1 j ∗ t h e t a ) ) . ^ 4 ) ;

i f t h e t a 4 >0

t h = ( t h e t a 4 − p i ) / 4 ;

e l s e

t h = ( t h e t a 4 + p i ) / 4 ;

end
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t h e t a 0 = t h e t a + t h ;

a p r i o r i _ E r r o r C o v a r i a n c e = A∗P∗A’ + Q;

K = a p r i o r i _ E r r o r C o v a r i a n c e ∗H ’ / ( H∗ a p r i o r i _ E r r o r C o v a r i a n c e ∗H’ + R ) ;

t h e t a = t h e t a + K∗ ( t h e t a 0 − t h e t a ) ;

P = a p r i o r i _ E r r o r C o v a r i a n c e − K∗H∗ a p r i o r i _ E r r o r C o v a r i a n c e ;

t h e t a _ s e t ( i i ) = t h e t a ;

s i g _ r x _ s y m b s ( i i ) = s i g _ r x _ s y m b s ( i i )∗ exp (−1 j ∗ t h e t a ) ;

end

s i g _ b i t s _ r x = qamdemod ( s ig_rx_symbs , 2 ^ Sig . ModOrder , . . .

’ Uni tAveragePower ’ , t r u e , ’ OutputType ’ , ’ b i t ’ ) ;

b e r _ s i g = sum ( sum ( s i g _ b i t s _ r x ~= Sig . b i t s ) ) / numel ( S ig . b i t s ) ;

evm_sig = rms ( s i g _ r x _ s y m b s − Sig . Symbs / s q r t ( 2 ) ) ;

%% Demodula t ion o f i d l e r

i d l e r _ r x _ s y m b s = c o n j ( i d l e r _ f i l 1 ( s t a r t _ p t : S ig . Nt : end ) ) ;

i d l e r _ r x _ s y m b s = i d l e r _ r x _ s y m b s / rms ( i d l e r _ r x _ s y m b s ) ;

% i d l e r _ r x _ s y m b s = adapt_LN ( i d l e r _ r x _ s y m b s , 4 ) ;

t h e t a = 0 ; % Kalman F i l e r i n g and c a r r i e r phase r e c o v e r y

P = 0 ;

Q = 2∗ p i ∗ (4∗ lw_pump+ Sig . lw )∗ s p e c t . d t / 1 0 0 0 ;

A = 1 ;

H = 1 ;

t h e t a _ s e t = z e r o s ( s i z e ( i d l e r _ r x _ s y m b s ) ) ;

f o r i i = 1 : l e n g t h ( i d l e r _ r x _ s y m b s )

t h e t a 4 = a n g l e ( ( i d l e r _ r x _ s y m b s ( i i )∗ exp (−1 j ∗ t h e t a ) ) . ^ 4 ) ;

i f t h e t a 4 >0

t h = ( t h e t a 4 − p i ) / 4 ;

e l s e

t h = ( t h e t a 4 + p i ) / 4 ;

end

t h e t a 0 = t h e t a + t h ;

a p r i o r i _ E r r o r C o v a r i a n c e = A∗P∗A’ + Q;

K = a p r i o r i _ E r r o r C o v a r i a n c e ∗H ’ / ( H∗ a p r i o r i _ E r r o r C o v a r i a n c e ∗H’ + R ) ;

t h e t a = t h e t a + K∗ ( t h e t a 0 − t h e t a ) ;

P = a p r i o r i _ E r r o r C o v a r i a n c e − K∗H∗ a p r i o r i _ E r r o r C o v a r i a n c e ;

t h e t a _ s e t ( i i ) = t h e t a ;

i d l e r _ r x _ s y m b s ( i i ) = i d l e r _ r x _ s y m b s ( i i )∗ exp (−1 j ∗ t h e t a ) ;

end
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i d l e r _ b i t s _ r x = qamdemod ( i d l e r _ r x _ s y m b s , 2 ^ Sig . ModOrder , . . .

’ Uni tAveragePower ’ , t r u e , ’ OutputType ’ , ’ b i t ’ ) ;

b e r _ i d l e r = sum ( sum ( i d l e r _ b i t s _ r x ~= Sig . b i t s ) ) / numel ( S ig . b i t s ) ;

e v m _ i d l e r = rms ( i d l e r _ r x _ s y m b s − Sig . Symbs / s q r t ( 2 ) ) ;

Sig_Rx . Symbs = s i g _ r x _ s y m b s ;

Sig_Rx . b e r = b e r _ s i g ;

Sig_Rx . evm = evm_sig ;

I d l e r _ R x . Symbs = i d l e r _ r x _ s y m b s ;

I d l e r _ R x . b e r = b e r _ i d l e r ;

I d l e r _ R x . evm = e v m _ i d l e r ;

B2B . b e r = ber_b2b ;

B2B . evm = evm_b2b ;

B2B . Symbs = b2bs ig_ rx_symbs ;

%% S c a t t e r p l o t s o f s i g n a l a f t e r SOA and i d l e r

s c a t t e r p l o t ( s i g _ r x _ s y m b s ) ;

t i t l e ( [ ’ S c a t t e r p l o t : S i g n a l ; BER = ’ num2s t r ( b e r _ s i g , ’%.2 e ’ ) . . .

’ ; EVM = ’ num2s t r ( evm_sig ∗100 , ’%.2 f ’ ) ’ % ’ ] ) ;

s c a t t e r p l o t ( i d l e r _ r x _ s y m b s ) ;

t i t l e ( [ ’ S c a t t e r p l o t : I d l e r ; BER = ’ num2s t r ( b e r _ i d l e r , ’%.2 e ’ ) . . .

’ ; EVM = ’ num2s t r ( e v m _ i d l e r ∗100 , ’%.2 f ’ ) ’ % ’ ] ) ;

end

B.3 MSSI in SOA with QPSK data simulations

%Author K a r t h i k V i j a y Annur Myilswamy and Anirudh V i j a y

f u n c t i o n I d l e r _ R x = MSSI_spans_SOA ( s p a n _ l e n g t h , Nspan )

c = 299792458; % speed of l i g h t (m/ s )

lambda_0 = 1550 ; % c e n t e r w a v e l e n g t h (nm)

f_0 = c / lambda_0 ;

% g l o b a l CONSTANTS; % CONSTANTS i s a g l o b a l s t r u c t u r e v a r i a b l e .

CLIGHT = c ; % Speed of l i g h t i n vacuum [m/ s ]

HPLANCK = 6.626068960000000 e−34; % Planck ’ s c o n s t a n t [ J ∗ s ]

%% SOA p a r a m e t e r s

G = 1 0 ;

g = 10^(G/ 1 0 ) ;
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soa = s t r u c t ( ’ l o s s ’ , 4 , ’ h0 ’ , g , ’ a lpha ’ , 4 , ’ t a u _ s ’ , 25e−12 , ’ p _ s a t ’ , 0 . 0 0 2 ) ;

soa . eps_ch = 0 . 5 ;

soa . a l p h a _ c h = 2 ;

soa . eps_shb = 2 ;

%% Pump p a r a m e t e r s

lam_p = 1550 e−9; %i n nm , c e n t e r f r e q u e n c y

f_p = c / lam_p ;

P_pump = 2 ; %i n mW

%% S i g n a l p a r a m e t e r s

S ig . P_sig_dbm = 3 ;

S ig . P _ s i g = 1e−3∗10^( S ig . P_sig_dbm / 1 0 ) ; % i n w a t t

% Sig . OSNR_dB = 1000 ;

S ig . Symbrate = 2 0 ; % Symbol r a t e

S ig . ModOrder = 2 ;

%% System P a a r a m e t e r s

S ig . Nsymb = 2 ^1 4 ; % Number o f symbols

s p e c t . T = Sig . Nsymb / ( S ig . Symbrate / 1 0 0 0 ) ; %i n p i c o s e c o n d s

s p e c t . d t = 1 ; %i n p i c o s e c o n d s

s p e c t . t = −s p e c t . T / 2 + ( 0 : s p e c t . d t : s p e c t . T−s p e c t . d t ) ; . . .

% Time a x i s from −T / 2 t o T / 2 wi th sa m p l i n g d t

s p e c t . f s = 1000 / s p e c t . d t ; % Sampl ing f r e q u e n c y i n GHz

s p e c t . d f = 1000 / s p e c t . T ; % i n GHz

s p e c t . f = (− s p e c t . f s / 2 + ( 0 : s p e c t . d f : s p e c t . f s−s p e c t . d f ) ) ;

f p r i n t f ( ’ \ nTime window = %2.1 f ps \ n ’ , s p e c t . T )

f p r i n t f ( ’ Sampl ing f r e q u e n c y = %u GHz \ n ’ , s p e c t . f s )

s p e c t . Npts = l e n g t h ( s p e c t . t ) ;

S ig . Nt = 1 0 0 0 / ( s p e c t . d t ∗Sig . Symbrate ) ;

%% Detun ing

D e l f _ s i g = −150; % i n GHz

[ va l , i n d ] = min ( abs ( D e l f _ s i g − s p e c t . f ) ) ;

D e l f _ s i g = s p e c t . f ( i n d ) ;

f _ s = f_p − D e l f _ s i g ∗1 e9 ;

f _ i = 2∗ f_p − f _ s ;

S ig . lam_s = c / f _ s ;
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%% O p t i l u x Se tup

du ty = 1 ; % du ty c y c l e

r o l l = 0 ; % p u l s e r o l l −o f f

P s i g = Sig . P _ s i g ∗1000 ; % T r a n s m i t t e d power p e r c h a n n e l [mW]

lam = Sig . lam_s ∗1 e9 ; % C e n t r a l w a v e l e n g t h [nm]

spac = D e l f _ s i g / 1 2 5 ; % Channel s p a c i n g [nm]

s y m b r a t e = Sig . Symbrate ; % Symbol r a t e [ Gbaud ]

Nt = Sig . Nt ; % P o i n t s x symbol

r e s e t _ a l l ( S ig . Nsymb , Nt , 1 ) ;

l a s e r . s i n g l e = t r u e ;

l a s e r . l i n e w i d t h = 100 e3 ;

g l o b a l GSTATE ;

%% F i b e r ( Tx )

f i b e r _ p h . l e n g t h = s p a n _ l e n g t h ; % l e n g t h [m]

f i b e r _ p h . a lphadB = 0 . 2 ; % a t t e n u a t i o n [ dB / km]

f i b e r _ p h . a e f f = 8 0 ; % e f f e c t i v e a r e a [um^2]

f i b e r _ p h . n2 = 2 . 7 e−20; % n o n l i n e a r i n d e x

f i b e r _ p h . lambda = 1550 ; % w a v e l e n g t h [nm] @ d i s p e r s i o n

f i b e r _ p h . d i s p = 1 7 ; % d i s p e r s i o n [ ps / nm / km] @ w a v e l e n g t h

f i b e r _ p h . s l o p e = 0 ; % s l o p e [ ps / nm^ 2 /km] @ w a v e l e n g t h

f i b e r _ p h . dphimax = 5E−3; % maximum n o n l i n e a r phase r o t a t i o n p e r s t e p

f i b e r _ p h . dzmax = 2E4 ; % maximum SSFM s t e p

%% Modula to r P a r a m e t e r s

m o d u l a t o r . b i a s = [0 0 ] ; % Modula to r b i a s p o i n t

m o d u l a t o r . a m p l i t u d e = [1 1 ] ; % Ampl i tude n o r m a l i z e d t o V_pi v o l t a g e

m o d u l a t o r . e x r a t i o = [30 3 0 ] ; % Modula to r e x t i n c t i o n

%% G e n e r a t i n g d a t a

S ig . Symbs = qammod ( r a n d i ( [ 0 , 2 ^ S ig . ModOrder−1] ,1 , S ig . Nsymb ) , 2 ^ S ig . ModOrder ) ;

S ig . b i t s = qamdemod ( S ig . Symbs , 2 ^ Sig . ModOrder , ’ OutputType ’ , ’ b i t ’ ) ;

E_i = e l e c t r i c s o u r c e ( S ig . b i t s ( 1 , : ) , ’ bpsk ’ , S ig . Symbrate , ’ c o s r o l l ’ , duty , r o l l ) ;

E_q = e l e c t r i c s o u r c e ( S ig . b i t s ( 2 , : ) , ’ bpsk ’ , S ig . Symbrate , ’ c o s r o l l ’ , duty , r o l l ) ;

E_i = c i r c s h i f t ( E_i , c e i l ( S ig . Nt / 2 ) ) ;

E_q = c i r c s h i f t ( E_q , c e i l ( S ig . Nt / 2 ) ) ;

d e l _ p h i = randn ( s i z e ( E_i ) ) ∗ s q r t (2∗ p i ∗ l a s e r . l i n e w i d t h ∗ s p e c t . d t ∗1e−12);

ph i_pn = cumsum ( d e l _ p h i ) ; % Phase n o i s e

E _ s i g _ l a s e r = l a s e r s o u r c e ( Ps ig , lam , spac ) . ∗ exp (1 j ∗ ph i_pn ) ; % L a s e r s o u r c e

s i g _ s i g = q i _ m o d u l a t o r ( E _ s i g _ l a s e r , E_i ,−E_q , m o d u l a t o r ) ;
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c r e a t e _ f i e l d ( ’ unique ’ , s i g _ s i g , [ ] , s t r u c t ( ’ power ’ , ’ ave rage ’ ) ) ;

%% F i b e r P r o p a g a t i o n

GSTATE .SYMBOLRATE = s y m b r a t e ;

ampl i . f = 5 ;

G_amp = f i b e r _ p h . a lphadB ∗ f i b e r _ p h . l e n g t h / 1 e3 ; % ampl i g a i n [ dB ]

init_OSNR = 3 0 ;

Gerb io = 1 ; % Dummy g a i n

nampl i = 1 ; % Number o f a m p l i f i e r s

osnrbw = 0 . 1 ; % Bandwidth f o r OSNR measurement [nm]

hvd l = −30−10∗ l og10 (HPLANCK∗CLIGHT / lam∗CLIGHT∗osnrbw / lam ^2∗1 e18 ) ;

nsp = 10∗ l og10 ( P s i g )+ hvdl−10∗ l og10 ( 1 0 ^ ( Gerb io /10)−1)−3−10∗ l og10 ( nampl i )− init_OSNR ;

ampli_OSNR . f = nsp + 3 ;

a m p l i f l a t (−Gerbio , ’ ga in ’ ) ;

a m p l i f l a t (+ Gerbio , ’ ga in ’ , ampli_OSNR ) ; % S e t t i n g i n i t i a l OSNR

f o r i i = 1 : Nspan

f i b e r ( f i b e r _ p h , ’ g−s − ’ ) ;

a m p l i f l a t ( G_amp , ’ ga in ’ , ampl i ) ;

end

%% MSSI

FFX = f f t s h i f t ( f f t (GSTATE . FIELDX ) ) ;

% FFY = f f t s h i f t ( f f t (GSTATE . FIELDY ) ) ;

[ b , a ] = b e s s e l f ( 2 , 1 0 0 ) ;

f i l _ f r e q = abs ( f r e q s ( b , a , s p e c t . f ) ) . ’ ;

FFX = f i l _ f r e q .∗FFX ;

%FFY = f i l _ f r e q .∗FFY ;

GSTATE . FIELDX = i f f t ( i f f t s h i f t (FFX ) ) ;

s i g _ t o _ s o a = i f f t ( i f f t s h i f t ( c i r c s h i f t ( FFX, + D e l f _ s i g / s p e c t . d f ) ) ) ;

pump_sig = ones ( 1 , s p e c t . Npts )∗ s q r t ( P_pump ) ;

pump_s ig_ f r eq = f f t s h i f t ( f f t ( pump_sig ) ) / l e n g t h ( pump_sig ) ;

% G e n e r a t i n g t o t a l s i g n a l

P _ s i g _ r e q = 10^ ( −10 /10 ) ; % i n mW

t o t a l _ s i g = ( pump_sig . ’ + s i g _ t o _ s o a ∗ ( s q r t ( P _ s i g _ r e q ) / rms ( s i g _ t o _ s o a ) ) ) ∗ s q r t (1 e−3);
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f = f i g u r e ( ) ;

t o t a l _ s i g _ f r e q 1 = f f t s h i f t ( f f t ( t o t a l _ s i g ) ) / l e n g t h ( t o t a l _ s i g ) ;

p l o t ( s p e c t . f , 2 0∗ l og10 ( abs ( t o t a l _ s i g _ f r e q 1 ) ) + 3 0 , ’ b ’ , ’ DisplayName ’ , ’ I / P ’ ) ;

x l a b e l ( ’ F requency (GHz ) ’ ) ;

y l a b e l ( ’ I n t e g r a t e d Power Spect rum (dBm ) ’ ) ;

% SOA

t o t a l _ s i g _ p r o p = ( c o n j ( s o a _ b l o c k _ n o i s e ( soa , s p e c t . d t ∗1e−12 , c o n j ( t o t a l _ s i g . ’ ) ) ) ) . ’ ∗ s q r t ( 1 0 0 0 ) ;

t o t a l _ s i g _ p r o p _ f r e q = f f t s h i f t ( f f t ( t o t a l _ s i g _ p r o p ) ) ;

BW_fil = 100 ;

f i l _ f r e q _ i d l e r = ones ( l e n g t h ( s p e c t . f ) , 1 ) ;

f i l _ f r e q _ i d l e r ( abs ( s p e c t . f + D e l f _ s i g ) > BW_fil / 2 ) = 0 ;

c o n j _ i d l e r = f i l _ f r e q _ i d l e r . ∗ t o t a l _ s i g _ p r o p _ f r e q ;

c o n j _ i d l e r _ s h i f t = c i r c s h i f t ( c o n j _ i d l e r , D e l f _ s i g / s p e c t . d f ) ;

%FFY = f i l _ f r e q .∗FFY ;

c o n j _ i d l e r _ s h i f t = i f f t ( i f f t s h i f t ( c o n j _ i d l e r _ s h i f t ) ) ;

GSTATE . FIELDX = c o n j _ i d l e r _ s h i f t ∗ s q r t ( S ig . P _ s i g ∗1 0 0 0 ) / rms ( c o n j _ i d l e r _ s h i f t ) ;

%%

f o r i i = 1 : Nspan

f i b e r ( f i b e r _ p h , ’ g−s − ’ ) ;

a m p l i f l a t ( G_amp , ’ ga in ’ , ampl i ) ;

end

t o t a l _ s i g _ p r o p = GSTATE . FIELDX . ’ ;

t o t a l _ s i g _ p r o p _ f r e q = f f t s h i f t ( f f t ( t o t a l _ s i g _ p r o p ) ) ;

%% F i l t e r i n g o f B2B S i g n a l

b 2 b _ s i g _ f r e q = f f t s h i f t ( f f t ( s i g _ s i g ) ) . ’ ;

BW_fil = 100 ;

F i l _ s i g _ b 2 b = ones ( 1 , l e n g t h ( s p e c t . f ) ) ;

F i l _ s i g _ b 2 b ( abs ( s p e c t . f ) > BW_fil / 2 ) = 0 ;

b 2 b s i g _ f i l _ f r e q = b 2 b _ s i g _ f r e q . ∗ F i l _ s i g _ b 2 b ;

b 2 b s i g _ f i l = i f f t ( i f f t s h i f t ( b 2 b s i g _ f i l _ f r e q ) ) ;

b 2 b s i g _ f i l 1 = movsum ( b 2 b s i g _ f i l , S ig . Nt ) ;
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%% F i l t e r i n g o f I d l e r

F i l _ i d l e r = ones ( 1 , l e n g t h ( s p e c t . f ) ) ;

F i l _ i d l e r ( abs ( s p e c t . f ) > BW_fil / 2 ) = 0 ;

s i g _ i d l e r _ f r e q = t o t a l _ s i g _ p r o p _ f r e q . ∗ F i l _ i d l e r ;

i d l e r _ f i l = i f f t ( i f f t s h i f t ( s i g _ i d l e r _ f r e q ) ) ;

i d l e r _ f i l 1 = movsum ( i d l e r _ f i l , S ig . Nt ) ;

s t a r t _ p t = c e i l ( S ig . Nt / 2 ) ;

i d l e r 1 = i d l e r _ f i l 1 ( ( S ig . Nt+ s t a r t _ p t ) : S ig . Nt : ( 1 0 1∗ Sig . Nt+ s t a r t _ p t ) ) ;

s i g 1 _ t x = s i g _ s i g ( ( S ig . Nt+ s t a r t _ p t ) : S ig . Nt : ( 1 0 1∗ Sig . Nt+ s t a r t _ p t ) ) . ’ ;

r o t n = i d l e r 1 . / c o n j ( s i g 1 _ t x ) ;

i d l e r _ f i l 1 = i d l e r _ f i l 1 ∗ exp (−1 j ∗ a n g l e ( mean ( r o t n ) ) ) ;

%% Demodula t ion o f B2B s i g n a l

h = 6.626068960000000 e−34;

nu = 3 e8 /1550 e−9;

de l_ nu = 1 2 . 5 e9 ;

OSNR_dB = pow2db ( S ig . P _ s i g / ( Nspan∗db2pow ( 5 )∗ h∗nu∗ de l_ nu ∗ 1 0 ^ 1 . 6 ) ) ;

b2bs ig_ rx_symbs = b 2 b s i g _ f i l 1 ( s t a r t _ p t : S ig . Nt : end ) ;

b2bs ig_ rx_symbs = b2bs ig_ rx_symbs / rms ( b2bs ig_ rx_symbs ) ;

t h e t a = 0 ; % Kalman f i l t e r i n g and c a r r i e r phase r e c o v e r y

P = 0 ;

Q = 2∗ p i ∗ ( l a s e r . l i n e w i d t h )∗ s p e c t . d t ∗1e−12;

A = 1 ;

H = 1 ;

R = 1 / db2pow (OSNR_dB ) ;

f o r i i = 1 : l e n g t h ( b2bs ig_ rx_symbs )

t h e t a 4 = a n g l e ( ( b2bs ig_ rx_symbs ( i i )∗ exp (−1 j ∗ t h e t a ) ) . ^ 4 ) ;

i f t h e t a 4 >0

t h = ( t h e t a 4 − p i ) / 4 ;

e l s e

t h = ( t h e t a 4 + p i ) / 4 ;

end

t h e t a 0 = t h e t a + t h ;

a p r i o r i _ E r r o r C o v a r i a n c e = A∗P∗A’ + Q;
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K = a p r i o r i _ E r r o r C o v a r i a n c e ∗H ’ / ( H∗ a p r i o r i _ E r r o r C o v a r i a n c e ∗H’ + R ) ;

t h e t a = t h e t a + K∗ ( t h e t a 0 − t h e t a ) ;

P = a p r i o r i _ E r r o r C o v a r i a n c e − K∗H∗ a p r i o r i _ E r r o r C o v a r i a n c e ;

b2bs ig_ rx_symbs ( i i ) = b2bs ig_ rx_symbs ( i i )∗ exp (−1 j ∗ t h e t a ) ;

end

b 2 b s i g _ b i t s _ r x = qamdemod ( b2bs ig_rx_symbs , 2 ^ Sig . ModOrder , . . .

’ Uni tAveragePower ’ , t r u e , ’ OutputType ’ , ’ b i t ’ ) ;

be r_b2b = sum ( sum ( b 2 b s i g _ b i t s _ r x ~= Sig . b i t s ) ) / numel ( S ig . b i t s ) ;

evm_b2b = rms ( b2bs ig_ rx_symbs − Sig . Symbs / s q r t ( 2 ) ) ;

%% Demodula t ion o f p r o p a g a t e d s i g n a l

i d l e r _ r x _ s y m b s = c o n j ( i d l e r _ f i l 1 ( s t a r t _ p t : S ig . Nt : end ) ) ;

i d l e r _ r x _ s y m b s = i d l e r _ r x _ s y m b s / rms ( i d l e r _ r x _ s y m b s ) ;

t h e t a = 0 ; % Kalman f i l t e r i n g and c a r r i e r phase r e c o v e r y

P = 0 ;

Q = 2∗ p i ∗ ( l a s e r . l i n e w i d t h )∗ s p e c t . d t ∗1e−12;

A = 1 ;

H = 1 ;

t h e t a _ s e t = z e r o s ( s i z e ( i d l e r _ r x _ s y m b s ) ) ;

f o r i i = 1 : l e n g t h ( i d l e r _ r x _ s y m b s )

t h e t a 4 = a n g l e ( ( i d l e r _ r x _ s y m b s ( i i )∗ exp (−1 j ∗ t h e t a ) ) . ^ 4 ) ;

i f t h e t a 4 >0

t h = ( t h e t a 4 − p i ) / 4 ;

e l s e

t h = ( t h e t a 4 + p i ) / 4 ;

end

t h e t a 0 = t h e t a + t h ;

a p r i o r i _ E r r o r C o v a r i a n c e = A∗P∗A’ + Q;

K = a p r i o r i _ E r r o r C o v a r i a n c e ∗H ’ / ( H∗ a p r i o r i _ E r r o r C o v a r i a n c e ∗H’ + R ) ;

t h e t a = t h e t a + K∗ ( t h e t a 0 − t h e t a ) ;

P = a p r i o r i _ E r r o r C o v a r i a n c e − K∗H∗ a p r i o r i _ E r r o r C o v a r i a n c e ;

t h e t a _ s e t ( i i ) = t h e t a ;

i d l e r _ r x _ s y m b s ( i i ) = i d l e r _ r x _ s y m b s ( i i )∗ exp (−1 j ∗ t h e t a ) ;

end

i d l e r _ b i t s _ r x = qamdemod ( ( i d l e r _ r x _ s y m b s ) , 2 ^ Sig . ModOrder , . . .

’ Uni tAveragePower ’ , t r u e , ’ OutputType ’ , ’ b i t ’ ) ;
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b e r _ i d l e r = sum ( sum ( i d l e r _ b i t s _ r x ~= Sig . b i t s ) ) / numel ( S ig . b i t s ) ;

e v m _ i d l e r = rms ( i d l e r _ r x _ s y m b s − Sig . Symbs / s q r t ( 2 ) ) ;

I d l e r _ R x . Symbs = i d l e r _ r x _ s y m b s ;

I d l e r _ R x . b e r = b e r _ i d l e r ;

I d l e r _ R x . evm = e v m _ i d l e r ;

B2B . b e r = ber_b2b ;

B2B . evm = evm_b2b ;

B2B . Symbs = b2bs ig_ rx_symbs ;

end
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