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Abstract: We propose a new architecture of phase sensitive optical frequency converter based
on dual-pump phase sensitive amplification in a highly nonlinear fiber. This frequency converter
allows generation of extra tones through nonlinear four-wave mixing between two strong pumps
and an input tone. The frequency channel to which the input tone is converted can be chosen
by adjusting the phase of the input signal. The conversion efficiency and extinction ratio of
this frequency converter are predicted and optimized and its noise figure is calculated using a
numerical approach based on the nonlinear Schrodinger equation. A semi-classical noise figure
calculation for this approach was used and validated using an analytical fully quantum calculation
based on the multi-wave model.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The ever increasing growth of demand for higher network capacity and better performance of
communication systems is posing critical challenges for optical communication systems. In
recent years, all-optical signal processing (AOSP) has shown remarkable potential for improving
optical networks by realizing various signal processing functionalities and providing processing
speeds beyond the limits of its electronic counterparts. In this respect, the recent developments
in the study of fiber-optic phase sensitive amplifiers (PSA) has opened up new avenues in the
development of future fiber-optic AOSP modalities [1-4]. Thanks to its unique phase sensitive
property, several breakthroughs have been reported including signal regeneration [5], low-noise
amplification [6], etc., to name only a few.

Recently, applications of PSA towards AOSP with respect to frequency and modulation format
conversion of data carrying optical signals have been reported. The key idea behind this was to
use phase-sensitive four-wave mixing (FWM) interactions between a signal and multiple pumps
to simultaneously separate the two complex quadratures of the signal by converting them to
different frequencies. Such a scheme was experimentally implemented by Webb e al. using a
semiconductor optical amplifier (SOA) as the nonlinear medium [7,8]. However, AOSP based on
SOAs are much slower compared to FWM in fibers since SOAs are limited by the response time
of the carriers in the SOA [9,10]. It has been shown experimentally by Da Ros et al, that the
use of highly nonlinear fibers (HNLF) can be more efficient for ultrafast quadrature-dependent
frequency conversion of data modulated signals. In their study, they demonstrated the conversion
of the two complex quadratures of a quadrature phase-shift keying (QPSK) signal to two binary
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phase-shift keying (BPSK) signals utilizing FWM among four CW pumps and a signal [2]. As a
follow up of this work, Baillot et al. have shown theoretically and experimentally that it is in
fact possible to achieve a phase sensitive frequency conversion (PSFC) in a HNLF using only
three pump waves [3]. In all these previous demonstrations, the implementation of the PSFC
required careful adjustment of many parameters of the system, including power levels and phases
of the three or four pump waves, thus adding some complexity to the system. Therefore, in the
present article, we investigate a simpler PSFC configuration involving only two pump waves
and the frequency channel to be converted. This scheme is based on a multi-wave PSA model
and is thus expected to reduce the system complexity to a large extent. We thus numerically
investigate the conversion efficiency and noise figure (NF) of such a scheme and determine the
system dependence on relevant parameters.

Since the PSFC architecture proposed here relies on nonlinear interaction between several
waves, the present work is strongly linked to studies of multi-wave models in PSAs. Indeed,
different types of multi-wave models in general have been extensively studied in order to predict
and understand the gain and noise performances of multi-wave PSAs [11-17]. The seven-wave
model in particular was comprehensively investigated numerically by Xie ef al. who predicted
the possibility of signal gain enhancements [18] and applications to signal regeneration [19].
Also, in a previous work, we proposed an accurate analytical description of the dynamics of such
a seven-wave PSA under the strong pump approximation [4]. Furthermore, in order to answer
the question whether gain enhancements in a seven-wave PSA are accompanied with degradation
of the PSA noise figure or not, both quantum [16,17] and semi-classical [20,21] approaches were
developed based on the multi-wave model. Although these various approaches were used for
the investigation of noise properties of a PSA using the multi-wave model, a comprehensive
comparison between the semi-classical and quantum approaches is absent from the literature to
the best of our knowledge, thus constituting a second motivation for the present work.

Consequently, the first goal of this paper is to establish both quantum and semi-classical
approaches for NF calculations in a dual-pump PSA configuration. For the quantum approach, we
perform the NF calculations by quantizing the classical analytical solutions derived in Ref. [4].
We note here that under the strong pump approximation, the analytical solutions of the seven-wave
PSA effectively reduce to a five-wave system as shown in Ref. [4]. In the semi-classical
approach, we solve the propagation of the waves numerically by solving the nonlinear Schrodinger
equation (NLSE), and evaluate the NF adapting an approach akin to Ref. [21]. Henceforth we
utilize these two methods for NF calculation of a dual-pump PSA in the case of a short fiber,
implying a weak nonlinearity, where both the quantum and semi-classical approaches are valid.
After a validation with the fully quantum approach in this latter case, the semi-classical NF
calculation method is then extended to the case of a longer fiber, with a stronger nonlinearity,
where a fully quantum approach is absent.

The second goal of this paper is to propose a novel dual-pump PSFC scheme in the framework
of the five-wave model [22]. In fact we also investigate the dependence of the conversion
efficiency of the PSFC on the pump-pump wavelength separation, fiber length and the signal
wavelength detuning from the fiber zero-dispersion wavelength, for an optimized performance.
Furthermore, for the PSFC, we repeat the NF evaluation routine using the semi-classical approach,
and investigate the noise transferred from the input signal to the frequency converted waves.

This article is organized as follows. In Section 2 we introduce the theoretical framework of
the analytical five-wave PSA, and discuss the possibility to exploit this five-wave scheme as a
dual-pump PSFC. In Section 3, we first elucidate the quantum and semi-classical NF calculation
methods, then we compare the gain and NF of a dual-pump PSA based on these methods.
Thereafter in Section 4 we investigate the conversion efficiency and NF of the dual-pump PSFC
scheme with respect to some relevant system parameters. Finally in Section 5 we draw the
conclusion and project some future perspectives.
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2. Five-wave model for phase sensitive frequency conversion

This section presents the five-wave model that is used to describe the operation of the phase
sensitive frequency converter. To be valid, this model requires that the system nonlinearity is
weak enough for extra waves beyond these five waves to be negligible. Extension to the case of
stronger nonlinearities will be performed in Section 3.2 using the NLSE. The present section in
particular discusses which approximations are necessary to obtain analytical expressions for the
input-output relations for the amplitudes of the different waves. Based on this, we then show how
this dual-pump system can, beyond its phase sensitive amplification property, be used also as a
phase sensitive frequency converter.

2.1. Five-wave model for the phase sensitive amplifier (PSA)

Launching two strong pump waves with a signal wave inside a nonlinear fiber leads to the creation
of extra waves by cascaded FWM interaction. To accurately consider the coupled dynamics of all
these waves, ideally one should study the evolution of the whole frequency spectrum through the
fiber. However, to simplify the situation, a reasonable approximation can be made by truncating
the system to only a few discrete waves. The slowly varying complex amplitude A; of the jth
wave can be simplified into an ordinary differential equation [23]:

k k

d% = iy[|Aj|2Aj +2 Z APA + Y ApAgAneSet (1)
I#£j=—k m,n,p=—k,
Wi+ Wy —Wp=w;

where we consider evolution of 2k + 1 waves with the index j running from —k to k. Ay, =
Blwm) + B(w,) — B(wy) — B(wj) is the linear phase mismatch coefficient where B(wy) is the
propagation constant at an angular frequency wj, v is the nonlinear coefficient of the fiber, z is the
propagation distance. In the particular case of k = 3, we obtain the so-called seven-wave model
schematized in Fig. 1. This model involves seven waves, which are equally spaced in frequency:
the two pumps, a degenerate signal and idler, two so-called high-order idlers (HOIs), and two
so-called high-order pumps (HOPs). Of course, the validity of this model is limited to the cases
where the nonlinearity is not too strong, allowing one to neglect higher order waves. The key

assumptions of our analytical model are reiterated below :

(1) Dispersion is considered up to second order in the Taylor series expansion of S(w).
(2) The input phases of the pumps are 0 rads.

(3) The pumps are considered undepleted along the fiber length and are much stronger in
power compared to the other waves.

(4) The undepleted strong pump approximation also lead to decoupling of the HOPs from the
signal and HOIs [4]. Thus effectively we are left with only five waves (k = 2 in Eq. (1);
two pumps, signal and two HOISs) to predict the evolution of the signal along the fiber.

In the existing literature, numerical methods are usually used to solve Eq. (1) and analyze,
for example, the signal gain spectrum [18]. Obtaining analytical solutions is complex and still
an unsolved problem in general, especially when the fiber dispersion and pump depletion are
considered. In fact inclusion of pump depletion in the model leads to solutions in terms of
Jacobian elliptic functions, that are practically intractable due to a lack of closed form expressions
[24]. However, in the regime where pump depletion can be neglected, an attempt has been made
to arrive at a solution in [4], and input-output relations between the interacting waves have been
derived to describe the operation of this device as a PSA. This derivation uses the no pump
depletion approximation to break down the seven-wave system into three subsystems. This leads
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Fig. 1. Schematic representation of the seven-wave model. The index j of the different
waves are shown in the output spectrum below the corresponding waves. HNLF : highly
nonlinear fiber, HOI : high-order idler, HOP : high-order pump.

in particular to a decoupling of the HOPs from the signal and HOIs. The system thus effectively
involves only five waves. The resulting five-wave model thus considers only the coupling between
the pumps, signal, and HOIs, and possesses analytical solutions [4]. These solutions are found
to agree satisfactorily with more general numerical simulations when the nonlinear phase shift
yPL, where vy is the fiber nonlinear coefficient, L the fiber length, and P the power of the pumps,
remains significantly smaller than 1 rad. In this parameter range, the influence of the HOPs on
the signal can be neglected as their evolution is independent from the signal and the HOIs.

According to [4], the solution of this five-wave model relating the output amplitudes of the
modes to the inputs is then given by:

Bo Mt M2 13 e H16) [ A
BS M21 M22 ... ... ... M6 AS
B_» HM31 . : Ay
b T A )
B, Ha1 : - . - : AT,
B Hs1 Az
BZ M6l vvv  eee oo .. M6 Az

where A; and B; are the amplitudes of wave j at the input and output of the fiber, respectively.
Index O denotes the signal and indices —2 and 2 refer to the HOI1 and HOI2, respectively (see
Fig. 1). The coeflicients yyy of the transfer matrix M = [uy], with k,/ = 1, ..6, are in general
complex. Their explicit expressions are given in the Supplemental document.

From Eq. (2), the signal gain for this PSA is expressed as:

|Bol?

Aol lnn [ + (a2 + 2| pii| 12| cos ©, 3)

Gopsa =
where @ = 26y + 011 — 01 is the relative phase between the signal and the two pumps at the fiber
input. Here, 61 and 61, are the arguments of the complex coefficients u;; and u1;, respectively,
and 0 is the phase of the signal at the input.

2.2. Application to the phase sensitive frequency converter (PSFC)

As stated in the introduction, the presence of several waves at the output of the PSA opens
interesting perspectives in terms of frequency conversion. The five-wave scheme can be
transformed into a frequency converter following two different strategies. Indeed, along with the
two pumps labeled —1 and 1, the frequency to be converted can be launched either as the signal
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(see Fig. 1) or as the high-order idler HOII (see Fig. 2). In both cases, the conversion efficiency
from input channel i to output channel j is defined as:

ck, = B )
AP

When we consider conversion from the signal frequency to the HOIs (see Fig. 1), the symmetrical
allocation of the waves leads to generation of HOI1 and HOI2 with equal powers. The efficiency
of this conversion is phase sensitive, but, when dispersion is neglected, there is no way to favor
one of the HOIs with respect to the other. Consequently, the symmetric scheme of Fig. 1 is better
suited for phase sensitive parametric amplification of the signal than to frequency conversion

towards a single channel.

/ (a) Signal generated

Pump Pump Signal
HNLF 0,2:0 HOI1 T HOI2
HOII1 4 3
T 1 y

(«(() 2 -1 0
N

Output
Input .
HOII phase = 0, {(b) HOI2 generated
0.,=p

HOI2
HOI1 | Signal I

4 4
2 -1 0 1 2

Fig. 2. Phase sensitive frequency conversion (PSFC) scheme where the HOII is launched
together with the two pumps at the input of the fiber. At HNLF output, signal is generated
when 6_, = « (a), idler is generated when 6_, = S (b), where 6_, is input HOI1 phase.
a# .

On the contrary, when we consider the asymmetric scheme of Fig. 2, in which the input wave
is launched in HOI1 along with the two pumps, we can expect the five-wave scheme to be capable
of operating as a frequency converter in which the privileged output frequency, either the signal
(Fig. 2(a)) or HOI2 (Fig. 2(b)), can be chosen by tuning the input phase difference between the
waves. This would constitute a very interesting scheme for applications, in which only two pumps
are necessary to obtain a frequency tunable frequency converter.

The conversion efficiencies from HOII to the signal or to HOI2 are then given from Egs. (2, 4)
by:

B |B;|?

A2

where k = 1 or 5 and j = O or 2, respectively. Here, the relative phase is defined as
O =20_5 + O3 — Ora. With k = 3 and j = -2, this expression provides the gain experienced by
HOII.

CE, = |wal® + | ksl + 21 sl sl cos O (%)

3. Fully quantum and semi-classical approaches to the noise figure

The preceding section has detailed how we calculate the conversion efficiency based on a classical
description of the fields. Another important parameter is the excess noise added to the converted
field. In principle, this extra noise must be calculated using a quantum description of the
fields. However, this approach is very cumbersome, and we thus search whether a much simpler
semi-classical approach could be used or not. Thus, in order to assess the domain of validity of
such a semi-classical approach, we first perform in the present section a comparison between
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the different approaches in the well known case of a PSA. Once validated, the semi-classical
approach will be applied to the PSFC in Section 4.

Consequently, the present section details the quantum and semi-classical approaches that
are used to calculate the noise properties of the optical amplifier. The quantum approach is
then applied to the five-wave model described in the preceding section, and compared with the
semi-classical approach applied to the NLSE.

3.1.  Quantum-mechanical approach based on the five-wave model

In the quantum derivation of the amplifier NF [25-29], the light electric field is represented by an
operator. The fact that the quadratures of this field do not commute leads to an intrinsic quantum
noise, which is inevitable in order to respect Heisenberg inequalities. In our case, the quantum
noise added to the signal by the amplifier can be quantified using the NF defined as the ratio
between the signal-to-noise ratios (SNRs) at the input and output of the amplifier:

_SNRi _ (M) (AN?)ou 6)
T SNRow (AN (N)2,

out

NF

where the SNR, chosen here in terms of photon number, is defined as the square of the mean
photon number (N)? divided by the photon number variance (AN?).

Equation (6) can be applied to calculate the NF in combination with the classical input-output
relations given by Eq. (2). To apply these relations to the quantum fields, the classical amplitudes
A; (and B)) of mode j, and their complex conjugates A]’T (and B;.‘) have to be replaced by the

annihilation and creation operators a; and &; ( l3j and B}'), respectively.

By using the Mathematica code given in Ref. [16], the NF for the signal (j = 0) is found to
be, under the large-photon number approximation (see the supplementary document for more
details):

1
NF, = )2 X{|ﬂ11|4+|ﬂ12|4+6|ﬂ12|2 ]

(|.u11|2 + il + 2 | 1] cos (260 + 611 — 612)

+ sl et P+ el e P+ s P L P+ sl e 1 + 1l ? s + ol sl

+ 2 s + ol el + 4 izl lun P cos (811 — 612 + 260)

+2 | sl sl i |? cos (2011 = 613 — 014 + 2600) + 2 | uss| | pti6] 11| cos (2011 — 615 — O16 + 260)
+4 il || cos (B11 = 012 +260) + 2 i |3l 11| cos (011 — 012 + 260)

+2 il |1l il cos (811 — 012 + 260) + 2 |uia| |ps | | i1 | cos (611 — 612 + 260)

+2 |1 |6l par] cos (611 — 012 + 260) + 2 | ol |13 |214] cos (—26012 + 013 + O14 + 260)

+2 |2l |prs] |pigl cos (<2012 + 015 + 016 + 2600) + 4 |ua] 13| |paal |11 cos (611 + 012 — 613 — O14)

+ 4 |pial lpis| el |1l cos (611 + 612 = 615 — 616) }
@)

where g = |l e

Equation (7) for the signal NF is calculated using the first row of the transfer matrix (Eq. (2))
relating the output signal mode to the input signal (k = 1,2) and high-order idler modes
(I =3,4,5,6). The dependence on the pump powers is implicitly introduced in the coefficients
i (see the expressions of these coefficients in the supplemental document), because the pump
waves are not counted as quantum modes. Indeed, the pumps are treated as classical fields due to
the pump non-depletion assumption considered in the analytical solution of the 5-wave model.

The different terms involved in Eq. (7) come from the nonlinear interactions between the signal
mode, high-order idler modes and their complex conjugates. These interactions are responsible
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for energy and noise transfer among the different modes. For example, the terms containing
only |u1| and/or |u 3| corresponds to the nonlinear coupling between the signal and itself or
between the signal and its complex conjugate. The terms of the form |g;; ;| and |uio 1], with
1 =3,4,5,6 corresponds to the nonlinear coupling among the signal and high-order idlers.

The remaining terms of the equation that contain the cosine function and depend on the input
signal phase 6y confirm the phase sensitivity of our five wave PSA. This sensitivity implies that
with appropriate choices of 6y, the vacuum noises can be transferred from the high-order idler
modes to the signal mode or flowed back from the signal to the HOIs through multiple FWM
interactions.

Some examples of NF calculations using this quantum-mechanical derivation will be given in
Section 3.3. But before this we describe in the following subsection the semi-classical description
to which these results will be compared.

3.2. Semi-classical approach based on the nonlinear Schrédinger equation (NLSE)

Although the noise of an optical amplifier can only be fully understood by adopting a quantum-
mechanical treatment, it is possible to deal with the noise properties within the framework of the
semi-classical approach. Along this approach, the quantum noise is mimicked by a Gaussian
noise added to the classical complex field amplitude. This additive noise has a zero mean and a
variance corresponding to one half of the energy of a photon.

In the literature, this semi-classical approach has been broadly used for calculating the signal
NF in the case of the fundamental three-wave model [30-32]. Recently, it has been used as
well for calculating the signal noise in the framework of the seven-wave model of Fig. 1 [21],
evidencing the impact of the HOIs on the signal noise figure. The vacuum noise entering the
HOPs was found to have a negligible influence compared to the one entering the HOIs. The extra
noise falling into the signal due to its interaction with the HOIs was modeled semi-classically by
adding a small amount of power, mimicking vacuum fluctuations, at the input of the HOIs. The
interaction between the incident “vacuum fluctuations” injected in the HOIs and the pumps and
signal along the fiber was evaluated by carrying out numerical simulations of the seven-wave
coupled equations. By solving the whole set of equations, and by calculating semi-classically the
intensity noise of the signal, a NF expression of the signal was obtained [21].

Here, we follow a similar numerical approach as in Ref. [21], however instead of solving the
coupled seven-wave equation, we solve the corresponding NLSE numerically. The reason behind
this choice is that the NLSE is applicable to situations where the nonlinearity is strong, in which
coupled wave models fail. We model the signal amplitude at the output of the PSA of gain Gy as:

Ag,out = VGoA,in + E00A0,in + E20A_ iy + E20A2 i (8)

where Ay ;, is the input signal amplitude and 04, is the input vacuum fluctuations of the signal.
The coefficients &_, and &, represent the strength of transfer of input vacuum fluctuations 6A_5 ;,
and 0A; ;, injected into the high-order idlers to the signal. For standard input vacuum fluctuations,
we have (6A;,) =0, <6Aii,1> =0and <|6Aj,l~n|2) = hv;/2, where h is Planck’s constant and v; is
the optical frequency of wave j.

By using Eq. (8), we calculate the intensity noise of the signal, and we obtain the following NF
expression (see supplemental information for details):

2
1

" 4Go*Pojn

aPO,out n 6P0,0ut " aPO,out
GVPO,in 6\/P—2,in GVPZ,in

where Gy is the PSA signal gain, and Py, is the input signal power.
The first term in Eq. (9) corresponds to the signal NF when only the fundamental three waves
(signal and two pumps) are considered, where the partial derivative 0P out/0+/Po in holds for

; (€]

NF,




Research Article Vol. 30, No. 25/5 Dec 2022/ Optics Express 45683 |
Optics EXPRESS A N \

the power differential in the output signal due to fluctuations in its input. Of course, in the case
where the input signal and its fluctuations have the same phase, &, in Eq. (8) is simply equal to
VGyp. Then Eq. (9) simplifies to become:

2 2
I JP dP
NFo = 1+ — S| | (10)
4Go“Po,in [\ 0/P-2in OyP2in

However, in the following, we keep Eq. (9), which is more general. The second and third terms
in Eq. (9) are associated with the high-order idlers. They represent the extra amount of noise
added to the signal due to its interaction with the HOIs. In other words, they describe the transfer
to the signal of the vacuum fluctuations injected in the HOISs at the fiber input. The efficiency of
this transfer is given by the partial derivatives dPo out/d+/P-2.in and dPg out/0+/P2.in in Eq. (9),
where P oy is the output signal power and P_j ;, and P; i, are the small input powers mimicking
the vacuum fluctuations entering HOI1 and HOI2, respectively, at the fiber input.

The three partial derivatives in Eq. (9) can be calculated numerically by injecting different
amounts of vacuum noise powers at the input of the signal, HOI1 and HOI2 waves, and evaluating
the extra noise power it adds compared to when no vacuum noise is added at the input of the
waves. In Ref. [21], these partial derivative terms were simulated using the coupled-wave
equations in order to find out the impact of the input vacuum noise entering each wave on the
signal NF. However, when the nonlinearity of the fiber is large, higher-order waves become
dominant in the evolution process of the interacting waves; hence, the NLSE is preferred for
more accurate results [33]. Let us remind that it is given by:

Gt 2o s aaam YIS0 av
where A(z, T) is the slowly varying envelope of the time domain complex amplitude of the wave
propagating along z, T = t — 5z is the retarded time, and the 8,,’s are the successive dispersion
terms of order n.

Consequently, in Subsection 3.3, we compare the NF values obtained by means of the NLSE
with the fully quantum approach of Subsection 3.1.

3.3. Comparison between the approaches

In this subsection, we compare the values of the noise figure obtained according to the fully
quantum approach of Eq. (7) with the semi-classical calculation summarized in the preceding
subsection. We consider a standard HNLF with y = 11.3 W~! . km™!, a zero-dispersion wavelength
Azpw = 1547.5 nm, and dispersion slope D' = 0.017 ps.nm~2.km ™. We choose a pump power
P equal to 20 dBm, signal power of —20 dBm and a signal wavelength 1o = 1557.5 nm. The
fiber dispersion in the analytical five-wave model is taken into account up to the second-order
derivative of B(w), while it is considered up to the fourth-order derivative of B(w) in the NLSE.
We focus on the anomalous dispersion region because it is the one in which the five-wave model
predicts an excess gain with respect to the three-wave model [4], a situation which is particularly
attractive for applications. A standard split step Fourier method (SSFM) algorithm was used to
solve the NLSE with a step size of 10 m and frequency resolution of 67 MHz.

Figure 3 compares two values of the overall nonlinearity of the system, obtained by changing
the value of the fiber length: L = 100 m (in Fig. 3(a)) and L = 720 m (in Fig. 3(b)). In each
case, we plot the evolution of the maximum gain versus pump-pump wavelength separation Adpp.
The maximum gain is obtained by scanning the phase of the input signal and keeping the value
that maximizes the gain. The wavelength allocation of the different waves is also defined by the
wavelength offset of the signal with respect to the zero-dispersion wavelength, which, in the case
of Fig. 3, is equal to 6 Aofs = A9 — Azpw = 10 nm.
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Fig. 3. Plot of maximum PSA signal gain using the five-wave model (red solid line) and
NLSE (blue filled circles) as a function of the pump-pump wavelength separation AApp, for
two different fiber lengths, (a) 100 m and (b) 720 m. Other parameters: y = 11.3 Wl km™! s
Azpw = 1547.5 nm, D =0.017 ps.nm_z.km‘l, pump powers P = 20 dBm, signal input
power —20 dBm, signal wavelength 1o = 1557.5 nm, 64,¢ = 10 nm.

Figure 3 compares two different models: the analytical five-wave model (red full line) plotted
using Eq. (3) and the NLSE based model (blue dotted line). One can see that for a small value of
the fiber length L = 100 m, there is a good agreement between the five-wave model and the NLSE.
This proves that the hypotheses done to obtain Eq. (2) are not too crude, at least in this domain of
parameters. However, for a longer fiber length (L = 720 m), the NLSE predicts a different signal
gain compared to the five-wave model for small pump-pump wavelength separations (Adpp<12
nm). This feature is related to the emergence of extra waves beyond the five waves, leading the
five-wave model to fail in this case. Conversely, for Adpp>12 nm, both models end up giving
the same signal gain because the extra waves become negligible in this regime, since the FWM
processes that create them become strongly phase mismatched. The periodic zeroes in the gain
spectrum are characteristic of any parametric amplifier arising due to perfect phase mismatching
at certain values of Adpp [34].

Corresponding to the gain, the NF values are shown in Figs. 4(a,b). For the short fiber length
(L = 100 m), Fig. 4(a) reproduces the evolution of the NF versus Adpp according to both the
quantum five-wave model and the semi-classical model based on the NLSE. However, for the
longer fiber length (L = 720 m), we only provide in Fig. 4(b) the NF obtained from the NLSE
approach as the five-wave model is not valid in this regime. The signal NF in the case of the
five-wave model (full red line) is calculated from Eq. (7) by using the input signal phase values
6y that maximize the signal gain, whereas it is obtained in the case of the NLSE (blue dotted line)
from Eq. (9) by considering the maximized value of the three partial derivatives after varying the
phase of the input fluctuations in the three waves. For example, we show in Fig. 5 how the output
signal (Fig. 5(a)), HOI1 (Fig. 5(b)) and HOI2 (Fig. 5(c)) powers change with the square root of
the power of the input wave that mimics the noise of the input wave. In fact, the slope of the curve
depends also on the phase of the input injected “noise”, as can be seen from the red (phase = 0.2
rad), blue (phase = 1 rad) and green (phase = 2.3 rad) curves in Fig. 5. For the NF calculation
using Eq. (9), we always consider the phase of the injected “noise” that maximizes the slope of
these curves.

Similarly to the preceding discussion about the gain, Fig. 4(a) shows that the five-wave quantum
NF agrees satisfactorily with the NF based on NLSE (for a length of 100 m), except for very
small values of Adpp where the NLSE model shows an increase of the NF with respect to the
five-wave model due to the existence of higher order waves beyond the five waves. In fact, for a
100 m fiber, the NF values calculated from these two models are also confirmed with a five-wave
numerical approach similar to Ref. [21] (see Supplement 1).
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Figure 4(b) also shows that the existence of high-order waves leads to an increase of the NF
with respect to what is expected from the well-known value of the three-wave model (0 dB). This
increase is due to input vacuum fluctuations that are injected in the high-order waves at the fiber
input. Indeed, during the amplification process, these vacuum noises are transferred to the signal
through nonlinear FWM processes, thus potentially degrading the NF. However, a good trade off
between the gain increase and the NF degradation is reached here. Indeed, when the signal gain
is maximum around Adpp = 6 nm (blue dotted curve in Fig. 3(b)) a small degradation of the
NF (around 2 dB in Fig. 4(b)) is expected using the semi-classical approach based NLSE model.
This can be explained by the fact that in this region the dominant FWM processes for the growth
of the signal are the ones that exchange power from one mode to the other modes at different
frequencies. Since these processes are known to be noiseless, no vacuum noises are transferred
from the high-order idlers to the signal mode through these processes.

Notice also that the local peak in Fig. 4(b) around Adpp = 12 nm arises due to the zero of the
maximum signal gain around this value.

To summarize, this result shows that one can take advantage of the emergence of the high-order
waves to enhance the signal gain, while maintaining the NF of the amplifier around 2 dB, which
is much below the 3 dB limit encountered in the case of a three-wave phase insensitive amplifier.
This was already observed in Ref. [21], but in the framework of the semi-classical seven-wave
approach. The present work confirms this result using a NLSE-based model and that is validated
using a more rigorous fully quantum approach.
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3.4. Discussion

As already discussed in Sections 3.1 and 3.2, a difference between the quantum-mechanical and
semi-classical pictures is that the quantum noise in the former one appears as an inherent property
of the field, while for the latter one it has to be introduced as an extra noise term. Hence, in
terms of noise figure calculations, the quantum description of noise is more accurate. However,
Section 3.1 has shown that the quantum-mechanical approach is applicable only when the coupled
equations describing the evolution of the interacting waves can be solved analytically, and thus
an input-output relation can be derived. This is achieved only in the unsaturated gain regime,
in which the pumps remain undepleted along propagation. On the contrary, for the saturated
gain regime, in which the other waves become strong enough to deplete the pump powers
significantly, analytical solutions are in general no longer available. Then the noise properties
of parametric processes can no longer be treated quantum mechanically. As an alternative,
a semi-classical approach is commonly used, which is a simple yet rigorous translation of
some quantum statements. Indeed, the main feature of this approach compared to its quantum
counterpart is that numerical simulations can be carried out in the strong pump depletion regime.
Hence the noise figure can be calculated in the saturation regime. Another feature is that the
noise properties of the pumps can be also investigated, contrary to the quantum-mechanical
approach that always treats the pumps classically.

Even though the two approaches are conceptually rather different, it has been proved that in
the large photon-number approximation, both of them are of comparable accuracy. This result
has been proved in the case of the fundamental three-wave model [32,35,36]. In the previous
Subsection 3.3, we have shown from Fig. 4 that the two approaches are in good agreement in
the framework of the multi-wave model as well, when the photon numbers are large, but only to
the extent when the system nonlinearity is weak (see Fig. 4(a)). However in the case of larger
nonlinearity, i.e. Figure 4(b), when the pump-pump separation is small, only the semi-classical
approach using the NLSE can be used since the analytical approach is oblivious of the existence
of the high-order waves [18]. This conclusion is important when it comes to studying noise
properties of more complex systems, for which quantum calculations cannot be applied by lack
of analytical solutions, and where only semi-classical calculations can be carried out instead.

4. Conversion efficiency (CE) and noise figure (NF) of PSFC

In order to effectively utilize a dual-pump PSFC as described in Subsection 2.2 (see Fig. 2), it is
important to study its properties with respect to the relevant system parameters. Here we study
two properties viz. the conversion efficiency (CE) and the noise figure (NF) associated with the
frequency conversion, as described below.

4.1. Conversion efficiency

As previously discussed in Subsection 2.2, the CE is the ratio of the output power of the signal (or
HOI2) to the input power of the HOI1. Thus we first compare the obtained CE of a PSFC from
the analytical five-wave model and NLSE approaches for two different fiber lengths in Fig. 6. All
the numerical and system parameters are the same as mentioned in Subsection 3.3 except that
here, instead of the input signal power, the input HOI1 power is —20 dBm. No input power is
launched in the signal mode.

Firstly, we see from Fig. 6 that the output powers of the signal and HOI2 are sensitive to the
input phase of HOI1, showing the phase sensitivity of the system CE [37]. Secondly, from Fig. 6
we see that although for a smaller length (100 m) of the fiber, the CE obtained from the five-wave
model and the NLSE agree with each other (see Fig. 6(a)), once the length is larger (720 m),
the two models deviate (see Fig. 6(b)). This is because for longer fiber lengths, the influence
of the high-order waves starts impacting the wave evolution process [4,18]. Since the effects
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Fig. 6. Plot of conversion efficiency of signal (red) and HOI2 (blue) from the five-wave
model (solid line) and NLSE (filled circles) as a function of the input HOI1 phase, for two
different fiber lengths, (a) 100 m and (b) 720 m. The HOII input phases corresponding
to highest signal and HOI2 extinction ratios are marked with dashed lines. Adpp = 7 nm,
0dofs = 10nm.

of these high-order waves are only considered in the NLSE model, we stick to this model for
the subsequent analysis of the CE in the PSFC process for longer fiber lengths. The utility of
the analytical five-wave model lies in the validation of the semi-classical NLSE based approach
for shorter fiber lengths where the analytical model is valid. From Fig. 6(a) we also notice that
the phase-sensitivity of the HOI2 is much lower than that of the signal. On the contrary, in
Fig. 6(b), when the length is larger, both the signal and the HOI2 show almost equal levels of
phase-sensitivity. This is due to the fact that for a shorter fiber, the HOI2 is farther in frequency
from the HOI1 compared to the signal, and hence it is weakly coupled to HOI1. However, for
a longer fiber, where the signal is efficiently generated, the coupling of HOI2 to the HOI1 can
easily be mediated through the signal. Thus it can be sensitive to the input phase of HOII.

As one might expect, here our primary motive in terms of PSFC functionality is to optimize
the system parameters such that both the signal (or HOI2) output power and the signal-HOI2 (or
HOI2-signal) extinction ratio are maximized. To this aim, in Fig. 7 we show the false color plots
of the output signal power (top row), HOI2 power (middle row) and signal-to-HOI2 extinction
ratio (bottom row) as a function of the input HOI1 phase and the fiber length, computed by
numerically solving the NLSE, for different values of 0., namely (a,d,g) 0ot = —10 nm,
(b,e,h) 6dors = 1 nm and (c,f,i) 0dors = 10 nm. The pump-pump wavelength separation Adpp is 7
nm. Note that by varying the fiber length, we are effectively changing the nonlinear phase yPL
added by the HNLF to the different propagating waves [38].

From Fig. 7 we see that the most interesting case arises around 0 A = 1 nm and a fiber length
of 720 m (see Figs. 7(b),(e),(h)), where an efficient frequency conversion is predicted. In this case,
when the input phase of HOII is close to %’r, the HOI1 wave is converted preferably to the signal
wave, with a signal-HOI2 extinction ratio of the order of 20 dB. On the contrary, when the input
phase is close to 5?”, HOI1 is converted mainly to HOI2, with a similar HOI2-signal extinction
ratio. We also note here that the level of phase control required to maintain an extinction ratio
above 20 dB is typically around 0.06 rad. Another interesting feature of Fig. 7 is the strong
dependence of the signal-HOI2 extinction ratio on the fiber length and 6 .. In Fig. 7(h) we
can see two localized blobs (see the regions where the grey dashed lines intersect) that denote
efficient PSFC of the signal or the HOI2. We can also notice that across the different subfigures
in Fig. 7, the position and conspicuity of these blobs vary. These blobs, that probably arise out
of singular solutions of the NLSE, line up with respect to the fiber length, only for the case of
0dogs = 1 nm at 720 m fiber length. Typically we want these blobs to be apart by 7 radians, in
terms of input HOI1 phase, such that switching from production of signal to HOI2 at the output
does not require very precise control over the HOI1 input phase. Although for Fig. 7(h) the phase
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Fig. 7. False color plots of output signal power (top row), HOI2 power (middle row) and
signal-to-HOI2 extinction ratio (bottom row) as a function of the input HOI1 phase and the
fiber length, for different values of ddyf. (a,d,g) 0o = —10 nm, (b,e,h) 6y = 1 nm and
(c,f,i) 04ors = 10 nm. NLSE simulation was used to generate the data. Positions of high
extinction ratio extrema in (b,e,h) are indicated with grey dashed lines. Horizontal dashed
line corresponds to a fiber length of 0.72 km. Adpp = 7 nm.

separation is not exactly 7, but 7, it is nevertheless an optimal case of an efficient PSFC for the
considered system.

Having investigated the system CE performance with respect to ddyf, now we fix d Ao at a
value of 1 nm, and show the corresponding plots in Fig. 8 for different values of Adpp, namely
Figs. 8(a),(d),(g) 5 nm, (b),(e),(h) 7 nm, and (c),(f),(i) 9 nm. For these three different values of
Alpp, we obtain reasonably good frequency conversion as can be seen from Figs. 8(g),(h),(i).
However the best case turns out to be Adpp = 7 nm, where the blobs are better lined up with
respect to fiber length (at 720 m) and are better separated with respect to HOI1 input phase.
Therefore from our numerical analysis, we find that an optimal design of a dual-pump PSFC
would require L = 720 m, Adpp = 7 nm, and 6 Ao = 1 nm.

4.2. Noise figure associated with frequency conversion

Apart from the CE, the quality of an active frequency converter also depends on the associated
noise. Thus following our previous developments, here we investigate the NF coming with the
PSFC using the quantum and semi-classical models already introduced in Section 3.

4.2.1. Quantum-mechanical NF based on the five-wave model

In our discussed PSFC model, when the launched HOI1 (j = —2) gets converted to either the
signal (j = 0) or the HOI2 (j = 2), the noise in the input HOI1 mode is also transferred to the
converted modes. The extra noise due to PSFC in the j-th output mode is characterized by the
noise figure (NF;) given by:

(Vo) (AND)ow

T AN (N2

out

12)
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Fig. 8. Same as Fig. 7, but for different Adpp’s. (a,d,g) Adpp = 5 nm, (b,e,h) Adpp = 7 nm
and (c,f,i) Adlpp = 9 nm. SAyp = 1 nm.

Note that NF, is nothing but the ratio of the input and output signal-to-noise ratios before and
after frequency conversion to the j-th mode.

Similarly to Subsection 3.1 and Eq. (7), here also we make use of the Mathematica code
provided in the supplementary information to calculate the NF; expressions for the signal and the
HOIs. In the case where only HOIL is present at the input, the initial quantum state of the system
is given by |¢/) = |09, @_2,0,). By assuming that |@_,|* > 1, NF, (for j = -2,0,2) is given by :

NF; = 1 5 X {|ﬂk3|4 + gl + 6l pral* | uis
(I + | pwal® + 2| pral | as| cos(260 - + 6i3 — 6ra))
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+ 2| it | s || ke | €08(260-2 — 2604 + G5 + 9k6)},
(13)

where || is the modulus of the complex coefficient yy; and 6y, its argument, with / = 1..6, and
k=1,3,5whenj=0,-2,2, respectively. 6_, is the input phase of the HOI1 launched at the
fiber input. The exact expressions of the py;’s (as given in Eq. (2)) can be obtained from [4].
Equation (13) can be interpreted in a similar way as Eq. (7). The difference lies in the presence
of the HOI1 mode at the input instead of the signal mode, which gives rise to the dependence of
the NF on the input HOI1 phase 6_,. All the terms in this equation can similarly be explained as
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in Eq. (7). For example, if we take j = —2 with k = 3 in Eq. (13), all the terms depend on the
coefficients |u3;| of the third row of the transfer matrix (Eq. (2)) linking the output HOI1 to the
input signal, HOI1 and HOI2. Then, depending on the index / = 1, ..6, one can distinguish the
different nonlinear couplings occurring between the interacting modes.

Here also, the dependence of some terms on the input HOI1 phase confirms the phase sensitive
frequency conversion capability of this scheme.

4.2.2. Semi-classical NF based on NLSE

Similarly to the analysis described in Subsection 3.2, we write the semi-classical NF expression
of the signal (j = 0) and HOI2 (j = 2) following Ref. [21]. In a way analogous to Eq. (9), NF; is
given by (see Supplement 1) :

2 2

_ 1 6Pj,out an,out " 8Pj,0ut (14)
4G Pain |\0yP2m)  \ovPow| \oyPun |

where P;;, and P,y are the input and output powers of the j-th wave, respectively. G is the

relative gain of the j-th wave with respect to input HOI1 power :

+

F;

P Jj,out
p —2.in '
Note that the three terms in Eq. (14) correspond to the differential transfer to the considered
output mode of the fluctuations at the input of the three (HOI1, signal, and HOI2) considered
modes.

From Eq. (14), we evaluate the signal and HOI2 NF as a function of the input HOI1 phase. The
derivatives are computed using the NLSE simulation, by injecting different amounts of power
mimicking the noise at the input of the signal, HOI1 and HOI2, and extracting the corresponding
slopes. Since the system is highly phase sensitive, it is important to consider the phase of the
input injected “noise” that maximizes the photon transfer to the j-th mode. In each case, we thus
scan the phase of the injected mode and keep the maximum slope to evaluate the three partial
derivatives and thereafter calculate the values of NF;.

Gj(6-2) = 15)

4.2.3. Comparison between the approaches

In order to calculate the NF of the PSFC, we again consider two different fiber lengths, L = 100 m
and L = 720m. For L = 100m, we plot the evolution of the NF for the signal (in red) and
HOI2 (in blue) versus input phase of HOI1, as shown in Fig. 9(a). For this short fiber length,
Fig. 9(a) also compares the two approaches (semi-classical NLSE and quantum five-wave model)
used to calculate the NF. As one might expect, since the system nonlinearity is weak in this case,
the NLSE based (filled circles) and five-wave model based (solid line) approaches agree very
well with each other. This agreement between the models at low system nonlinearity allows us
to extend the NLSE based approach to longer fiber lengths, for which the larger nonlinearity
makes the five-wave model irrelevant. An example of such a calculation is shown in Fig. 9(b)
for L = 720 m. One notices that for such a longer fiber length, the minimum NF of the signal is
predicted to be around 5 dB. For the shorter length however, when the gain is low, we find the
minimum NF values to be much larger, i.e. around 10 dB and 12 dB for the signal and HOI2,
respectively.

4.2.4. Discussion

From the graphs of Fig. 9, it is clear that each time the HOI1 is efficiently converted either to the
signal or to HOI2 (compare Fig. 6 with Fig. 9), then the associated NF is small. Consequently,
this scheme also provides the possibility to convert an incoming HOI1 wave to the wave with a
lower NF (either signal or HOI2), just by modifying the HOI1 input phase.
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Fig. 9. Noise figure of signal (red) and HOI2 (blue) using the five-wave model (solid line)
and NLSE (filled circles), as a function of input phase of HOI1 for fiber lengths (a) 100
m and (b) 720 m. Same parameters as in Fig. 6. The parameters used are the optimized
parameters that lead to an efficient PSFC : L = 720 m, Adpp = 7 nm and d Ay = 10 nm.

5. Conclusion

In this work, we have primarily investigated the gain and noise figure characteristics of a phase
sensitive frequency converter based on two pumps. We have shown theoretically that this system
can be optimized in such a way that by launching the input wave into the HOI1 channel at the fiber
input, and by adjusting the initial phase of the HOI 1, the signal can be preferentially converted to
the signal and HOI2 channels. This shows that the system is capable of operating as a phase
sensitive frequency converter. The evaluation of the noise figure of such a system was performed
using a semi-classical model, where the system is numerically solved using the NLSE, and the
mode noises are injected as classical fluctuations of the complex field amplitude with a zero
mean and a variance of half a photon. This semi-classical model was also validated using a fully
quantum model for a short fiber length, i.e., a weak nonlinearity.

In the PSFC case, we also numerically investigated the conversion efficiencies of the system
into signal and HOI2 from HOI1, with respect to the the pump-pump wavelength separation Adpp,
signal detuning from the fiber zero-dispersion wavelength 64z and the fiber length L, by solving
the NLSE numerically. We found the optimized parameters to be Adpp = 7 nm, ddors = 1 nm
and L = 720 m for an extinction ratio of 20 dB. As a perspective of this work, we can extend
similar analysis for PSA and PSFC in dispersion tailored fibers as well [37].

Finally, we believe that this paper opens new avenues for further research in calculating and
optimizing the noise figure of more complex PSA systems, where semi-classical calculations
can be used in the absence of analytical solutions. It should stimulate further experimental
efforts towards the design of optical frequency converters with only two pump waves, where an
adjustment of the pump phases is not necessary.
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