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Rapid advances in broadband services, such as streaming media, video
conference, cloud computing and data center, challenge the traditional unicasting and

broadcasting network structures. To address the demands of these commercial

applications and consequently to increase the cost efficiency and flexibility of optical
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networks, wavelength multicasting, creating spectrally distinct copies of a signal, has
been developed. An ideal wavelength multicaster ought to replicate the signal with
preserved integrity and signal to noise ratio (SNR) over a sizable copy number, which
is essential to various applications, ranging from commercial to defense. However,
most conventional technologies require that the output signal carriers be externally
seeded in the multicasting process, and moreover, a majority of the self-seeded
approaches are subject to a limited number of signal copies, each with degraded SNR.
This is addressed in this dissertation, where we propose a new approach to achieve
ultra-low noise wavelength multicasting through a multi-stage dispersion-managed
fiber mixer operated in a multi-mode phase-sensitive (PS) architecture. Two operated
gain regimes, namely the unsaturated and saturated, were theoretically and
experimentally investigated here for the ultra-low noise wavelength multicasting.

The multi-mode PS parametric process constructively combines the coherent
signal fields, in addition to the parametric effect induced nonlinear gain, leading to
gain and conversion efficiency improvement. Having the PS process induced gain, the
dispersion-managed fiber mixer with locally accumulated uncorrelated noise allows
theoretically noiseless wavelength multicasting. In practical implementation,
experimental characterizations on noise figure and bit-error-rate performance require
the multi-mode PS parametric multicasting be operated in the unsaturated regime.
Conversely, in phase encoded systems, the PS process inherently translates the phase
noise into amplitude perturbations, while the resulting amplitude noise can be
removed by the saturated parametric effect, leading to an all-optical amplitude and

phase regenerative wavelength multicasting. The dissertation includes theoretical
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analysis, experimental implementation, and reports record performances of the multi-

mode phase-sensitive parametric wavelength multicasting.
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Chapter 1 Introduction

1.1 Motivation

Telecommunication has been revolutionized in the information era. Telegraph
has been substituted by the instant messaging. The continuously growing smart phone
services have accelerated the development of broadband mobile technologies. In
addition, television has evolved from a broadcaster into internet service on demand.
All these traditional telecommunication industries have been given new vitality,
meanwhile facing unprecedented challenges. The exponential growth of the internet
traffic, in support of applications such as streaming multimedia, electronic commerce,
and could computing, has induced a tremendous increase in demand of
communication bandwidth. Since the 1970s, optical fiber has been commercially
deployed as an optimal transmission medium for communication links and networks
[1, 2], owing to its low loss and wide bandwidth. In particular, to fully utilize the fiber
bandwidth and increase the transmission capacity and network flexibility, wavelength
division multiplexing (WDM) technology, transmitting multiple distinct wavelengths
in one fiber medium, becomes the mainstay for the optical transmission systems and
networks [3, 4].

However, rapid advances in the streaming media, internet television, and video
conference challenge the traditional network structures, such as point to point
unicasting and broadcasting [5]. To address the demands of these commercial
applications and consequently to increase the cost efficiency and flexibility of optical

networks [6], a light-tree topology with multicasting-capable



routing node has been introduced [5, 7]. ldeally, multicasting, duplicating one
incoming signal to multiple outputs, ought to possess low complexity and
compatibility to WDM networks, in addition to preserve the integrity of the incoming
signal over a sizable copy number.

The simplest approach to achieve multicasting is power-splitting [7], however,
its frequency-degenerate nature violates the scalability and dynamic of the WDM
networks. Even worse, the signal to noise ratio (SNR) of the multicasting output is
inevitably degraded by the power splitting loss and the following amplification for the
splitting loss compensation [7]. Conversely, nonlinear effects, such as self phase
modulation (SPM) [8], cross phase modulation (XPM) [9], four wave mixing (FWM)
[10, 11] and cross gain modulation [12], have been exploited to create spectrally
distinct wavelength multicasting. However, most of these conventional approaches
require the output signal carriers be externally seeded and moreover, a majority of the
self-seeded methods [13-15] are subject to a limited number of channels, each with
degraded SNR.

In contrast, the dual-pump self-seeded parametric process in a multi-stage,
dispersion-engineered fiber mixer (i.e. shock wave mixer type [16, 17]) has been
identified as an efficient method for wavelength multicasting, offering scalable high-
count copy number and low noise performance [18]. In particular, the parametric
mixer based wavelength multicasting has been employed in all-optical signal
processing applications [19-21], and contributes substantially. For example, a coherent
filterless microwave/millimeter-wave channelizer has been successfully demonstrated

based on such parametric wavelength multicasting [19], presenting improved



sensitivity and dynamic range. The proposed parametric multicasting was also an
essential component in the photonics assisted analog-to-digital converter (ADC) [20,
21]. Besides, a spectrally uniform frequency comb has been achieved by incorporating
a nonlinear optical loop mirror into the parametric fiber mixer design [22], which was
utilized for transmission of complex modulation formats over 1520 ultra dense WDM
channels [23].

In addition to the capability of creating scalable high count copy number, the
noise performance of the wavelength multicasting is of critical importance to various
applications. Up to now, the lowest published noise figure (NF) of wavelength
conversion is 3.7 dB [24], and even worse for the dual-pump driven parametric mixer
based wavelength multicasting, there is a 6-dB quantum limit NF [25]. Here, we note
that all the previous investigations were implemented based on phase insensitive (PI)
process, implying that the conversion efficiency (CE) of the wavelength multicasting
is not dependent on the phases of the input waves and the SNR is degraded by the
noise coupling between distinct wavelengths. In contrast, phase sensitive (PS)
parametric process has been validated as a potential method for noiseless amplification
[26-28]. Particularly, a four-mode phase-sensitive (4MPS) architecture has been
employed in the dual-pump driven parametric multicasting [29], presenting a 12-dB
CE improvement due to the coherent field combination. In addition, the 4MPS
parametric mixer operated in the saturated gain regime has the great potential to be a
regenerative multicaster over a sizable copy number.

Inspired by all these unique properties of the 4MPS parametric wavelength

multicasting, in addition to its critical importance to applications in commercial



industry and signal processing, this dissertation furthers the investigations on the
dispersion-managed parametric mixer operated in the multi-mode PS architecture, in
order to achieve the wavelength multicasting with ultra-low noise performance in both

unsaturated and saturated gain regimes.

1.2 Dissertation overview

This dissertation investigates the ultra-low noise performance of the multi-
mode PS parametric multicasting, including theoretical derivation, numerical
simulation, experimental implementation and concluded discussion.

Starting from the basic physics of the parametric effects, Chapter 2 introduces
the principle of the dispersion-managed fiber mixer. Mathematical derivation indicates
the dispersion-governed nonlinear efficiency of the parametric mixer is proportional to
the fiber length, nonlinear coefficient and optical power, leading to a specific design of
the parametric mixer. In particular, the noise performance of the Pl wavelength
multicasting was numerically simulated and discussed in Chapter 2.

Relying on the efficient parametric wavelength multicasting, 4MPS
architecture is proposed in order to obtain the ultra-low noise performance, as
demonstrated in Chapter 3. The PS process is mathematically introduced, followed by
the numerical simulations on the phase relation of the 4MPS parametric multicasting.
Experimental demonstration is described subsequently, and particularly, phase
manipulation for the stabilized operation and maximized gain and conversion
efficiency (G/CE), as well as for reduced high order interference tones is detailed in

Chapter 3. Following the stabilized implementation, the experimental characterization



of the ultra-low noise wavelength multicasting enabled by the proposed design is
demonstrated.

The NF is defined as the ratio between the input and output SNRs in electrical
domain with shot noise limited input. In practical implementations, the parametric
mixer is operated in the unsaturated regime as a linear multicasting device for rigorous
characterization on noise performance, as demonstrated in Chapter 3. In contrast, the
implementation of all-optical regenerative multicaster requires the 4MPS parametric
mixer be operated in the saturated gain regime, as described in Chapter 4. The phase-
dependent amplification and the amplitude perturbation removal were numerically
simulated, followed by the detailed experimental demonstrations, including amplitude
and phase regeneration over 20 multicasting signal copies, a record performance for
regenerative multicaster.

Chapter 5 furthers the discussion on the multi-mode PS parametric
multicasting through comparing the PS one- and three-mode configurations. The
comparison includes phase manipulation and noise performance. Numerical
simulations and corresponding results are described for comparison, followed by the
experimental characterizations on noise figure and bit-error-rate performance.

Finally, Chapter 6 summarizes this dissertation and discusses the future work.



Chapter 2 Phase insensitive  parametric  wavelength

multicasting

Recognized by the wide conversion bandwidth, instantaneous response speed
and full transparency to arbitrary modulation formats, parametric effect has been
employed in various applications, such as amplification and wavelength conversion.
This chapter describes the multi-stage dispersion-managed parametric mixer as an
efficient method for wavelength multicasting with high count copy number.

Beginning with the introduction to the third-order nonlinearity induced
nonlinear effects in the silica-based optical fiber, this chapter interprets the basic
equations governing the parametric effect. The principle of the dispersion-synthesized
parametric mixer is numerically demonstrated in Section 2.2. Subsequently, Section
2.3 discusses the quantum limit noise performance of the Pl parametric wavelength

multicasting by numerical simulations.

2.1 Third order nonlinearity

In the presence of light, the electron distribution of dielectric medium is
displaced from the equilibrium position of the nuclei, resulting in dipole moment, i.e.
polarization field. Consequently, the wave equation governing the electrical field

propagating in the dielectric medium is expressed as [30]

PE(rt) %Pt
a2 0 a2

VXVXE(T,t) = —Upé&p 2.1

here g, is the vacuum permittivity, u, is the vacuum permeability, and P is the

induced electric polarization field (i.e. matter’s response to light field [31]).



Owing to the strong inter-atomic electric field (~10™ V/m) [31], laser with high output
power is required, in order to observe the nonlinear effects in the dielectric medium.
On the other hand, when the incident light intensity is relatively weak compared to the
inter-atomic field, the nonlinear polarization is negligible and the response of
dielectric medium to the incident light in frequency domain can be expressed in linear
form:

P(r,w) = eox P, w) - E(r, w) 2.2
1P (r,w) is the first order susceptibility at position of r and frequency of w.

Correspondingly, the wave equation in the frequency domain is expressed as
V2E(r,w) + er(a))(g—jE(r, w) =0 2.3
Here, c is the speed of light in vacuum (uye, = Ciz). The relative permittivity &, (w) =

1+ xP(r,w) = [n(w) + ia(w)]? is defined by the refractive index n(w) and
absorptive coefficient a(w). The a(w) is not considered in this dissertation, since the
silica-based optical fiber has small loss coefficient. On the other hand, the refractive

index n(w) is inherently frequency dependent, leading to frequency dependent phase

, hamely chromatic dispersion. Correspondingly, the propagation

velocity v(w) = %

constant S (w) = n(a))% can be expanded as Taylor series at the reference frequency
of w,
B(w) = By + B1(w — wp) + %,Bz(w - wo)z + %.33(0) - ‘Uo)3 + iﬁz;(w —wp)* 24

Bo is the propagation constant at w,, while g; is the jth order derivative of the

ag,

propagation constant at w,. Here, §; is the group delay, while g, = - is the group



velocity dispersion (GVD). In practical terms, instead of f3,, dispersion parameter D is
usually utilized, defined as

_dﬁl_ 2TC
b= dr a2 P

Regarding single mode fiber (SMF), both 8, and D are equal to zero around
wavelength of 1300 nm, namely zero dispersion wavelength (ZDW), a critical
parameter for the fiber.

In addition to the linear response, the interaction of the incident light with
matter (e.g. fiber in this dissertation) is inherently a nonlinear process, inducing
nonlinear polarization response. Take the SMF made of silica glass as an example, it
does not exhibit second-order nonlinearity (y®), due to the inversion symmetric
molecule structure of SiO,[30]; however, its nonlinear polarization field is dominated
by the third order nonlinearity (i.e. Kerr nonlinearity), expressed as

PyL(r, w) = gox® (0)E3 (1, w) 2.5
Consequently, the wave propagation with the presence of nonlinear polarization is

expressed as
2
VZE(r,w) + [n(w) + nzl]z(z—zE(w) =0 2.6
where n, = %Re()(@)) is the nonlinear index coefficient. Eq. 2.6 indicates that the

refractive index is dependent on the light intensity. To solve Eq. 2.6 by the method of
separation of variables, the electric field is defined as

E(r,t) = F(x,y)A(z)eth7-iwt 2.7
where transversal mode distribution is represented by F (x,y), A(z)e "7 is the slowly

varying longitudinal envelope function of the mode at frequency of ®, the main



quantity of interest for nonlinear optics. Solving Eq. 2.6, we can obtain the Nonlinear

Schrédinger Equation (NLSE)

0A(zt) _

. N . 2
o, = iDA + iy|A|¢A 2.8

— k - - - - - -
where D =Zk=0(i)k%% is the differential operator accounting for dispersion.

While the right second term is a nonlinear contribution, governing the nonlinear
effects on the light propagation in the fiber, whose strength is determined by the

nonlinear coefficient y, in the unit of Wkm™.

_ naw
Y= CAeff 2.9

(22, 1FGeyl2dxdy)”
[53 IF(ey)|*dxdy

where Agpp = is the effective mode area, determined by the

transversal mode profile F(x,y). Owing to the smaller A.ff, highly nonlinear fiber
(HNLF), possessing high nonlinear coefficient, is chosen as the main nonlinear

platform for parametric multicasting in this dissertation.

2.2 Parametric amplification

The parametric effect is named for the nonlinear interaction involving no
energy states change of the nonlinear medium. In other words, the parametric device is
playing a passive role with refractive index modulated by the injected light.
Consequently, the interacted optical waves should satisfy energy and momentum
conservation. As aforementioned, owing to the high nonlinear coefficient and low

loss, the investigated nonlinear platform in this dissertation is HNLF.
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Eqg. 2.8 in Section 2.1 governs the light propagation in the Kerr nonlinear
medium, where the first right term represents the linear propagation of the optical
field, and the nonlinear response is dominated by the second right term. Specifically,
assuming in the presence of one incident optical field, the SPM induced by the power
dependent refractive index of the fiber contributes phase rotation to the input optical
field. In addition, the XPM emerges when more frequency-distinct fields are present in
the fiber. While the most straightforward explanation for the FWM can be done with
four optical fields, as shown in Fig. 2.1. Correspondingly, the total fields are
represented by

E(r,t) = Yoy Fi(x, y) A (2, t)e Pre—toit 2.10
where w; < w, < w3 < w,, and two frequency components (at w,, w3) with higher
peaks are considered as non-degenerate pumps. Note that, we consider all the input
optical fields as co-polarized, and the theoretical expressions are mathematically

derived in scalar form.

I L.

w1 w2 w3 w4

Figure 2.1 Frequency configuration of FWM.

We substitute Eq. 2. 10 into the NLSE of Eg. 2.8, and obtain
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% = iy[|A11% + 2(|421% + |43]* + |4419)]A,
+ iy24,A3 4, expl—i(By + By — B2 — P3)z + idwt]
% = iy[|A,]% + 2(JA1 1% + |143]% + |A41D)]A,
+ iy2A4, A4 A% expli(By + By — B2 — B3)z — ihawt] 2.11
% = iy[|431? + 2(141|% + |A2|% + |A41D)]A43
+iy24A,1A4A% expli(By + Ba — B2 — B3)z — iAwt]
% = iy[|Aal® + 2(|A1 > + |42 [* + |43]9)]A,

+ iy2A,A3A7 exp[—i(B1 + Bs — B2 — B3)z + iAwt]
where Aw = w; + w, — w, — w3 IS the frequency difference between the four fields.
Specifically, the first four terms on the right side represent the SPM and XPM between
the four input fields. The last term is the interaction of the FWM, whose efficiency is
governed by the matching of the wave number, namely phase matching condition.
Here, we can see that the four frequency components should satisfy w; + w, = w, +
w3, implying the conserved energy transfer between the input waves. In essence,
parametric amplification absorbs two pump photons (from each pump wave at w, and
w3, respectively), and transfers energy to one photon at lower frequency and creates a
new photon at higher frequency through the nonlinear polarization mechanism (Eqg.
2.5), as shown in Fig. 2.2. In this dissertation, the amplified input wave is named as

signal, whereas the newly generated wave is idler.
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Figure 2.2 Energy diagram of FWM elastic process.

According to nonlinear polarization mechanism in Eq. 2.5, there are different
possibilities for the third order generation. However, the FWM effect is inherently an
elastic scattering process, requiring momentum equilibrium between the interacted
waves, as indicated by the phase matching term A = S; + B, — B2 — B5. Particularly,
in the fiber mixer, the nonlinear efficiency is governed by the dispersion profile of the
fiber, and consequently, the phase matching term practically prevents the third order
generation with high efficiency.

Regarding the solutions to the NLSEs in Eq. 2.11, the pump waves have much
more intense power than the input signal, maintained undepleted and solved as

Ay (2) = A3(2) = |[Pye'¥3Phoz 2.12
where P, is the input power of each pump and y is the nonlinear coefficient of fiber.
Eq. 2.12 indicates that the undepleted pumps are only subject to the nonlinear phase

rotations. While the signal fields can be simplified as

dB; . . .
- iy2PyB; exp|—iy2Pyz — iABz]
2.13
dB, . . .
- iy2PyB] exp[—iy2Pyz — iABz]

where B; = A;e"™"?Z and B, = A,e"""0Z | Solving the coupled differential

equation of Eq. 2.13, we can obtain
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Zg BI(O) 214
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g = /4}/2P02 — (g)2 is the exponential gain. Eq. 2.14 indicates that the amplification

bandwidth and parametric gain are determined by the dispersion profile. To obtain the

highest parametric gain, the phase matching term k = y2P, — Af is demanded to be
zero, where AB is approximated as —f,Aw? —1—1234Aw4, implying that the input

waves should be selected in the anomalous dispersion region (8, < 0).

The frequency configuration in Fig. 2.1 is the most straightforward plot for the
FWM interaction, i.e. parametric amplification. On the other hand, the energy
conservation of the FWM effect allows different frequency combinations for the
signals and pumps. In comparison to Fig. 2.1, the two pumps, one signal and one idler
can be arranged differently, as shown in Fig. 2.3(c). Furthermore, Fig. 2.3 shows the
category of the FWM effect, depending on the frequency configuration and input wave
number. Fig. 2.3(a) shows the fully degenerate one-mode FWM process with pump
and signal sharing the same frequency, and dual-pump one-mode FWM process, both
of which are discussed in Chapter 5. Fig. 2.3(b) presents the degenerate single pump
two-mode configuration, where the single pump contributes two photons in the
nonlinear process, and additionally, the frequencies of the pump, signal and idler
should satisfy the energy conservation: ws + w; = 2w,. Historically, one-pump two-
mode scheme, shown in Fig. 2.3(b), has been widely utilized for fiber optic parametric

amplifier (FOPA) with wide amplification bandwidth and exponential gain. In next
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section, we will focus on the dual-pump four-mode parametric effect, as shown in Fig.

2.3(d).
(@) ~

~
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(b) A~
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Figure 2.3 Frequency configurations of FWM effect. (a) fully degenerate and pump
nondegenerate one-mode parametric effect. (b) One-pump two-mode parametric effect. (c)
Two-pump two-mode parametric effect. (d) Two-pump three-mode parametric effect. (e)
Two-pump four-mode parametric effect.
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2.3 Parametric mixer

High Order Pump Mixing

Fiber Mixer

A

P1Sz Pz

Figure 2.4 Fundamental principle for the dual-pump driven parametric wavelength
multicasting.

Dual-pump seeded parametric mixer has been identified as an efficient method
for wavelength multicasting with sizable number of signal copies [16, 17]. Fig. 2.4
shows the fundamental principle of the Pl wavelength multicasting with two pumps
and one signal at the input of the fiber mixer. Among the input three waves (i.e. signal
frequency is offset from the middle of the two pumps), the nonlinear processes of
modulation instability (MI), phase conjugation (PC) and Bragg scattering (BS)
amplify the original input signal, and deliver three newly generated idlers [32].
Meanwhile, the refractive index of the nonlinear medium is modulated by the beating
of the two pumps, inducing SPM and creating high order pumps. Consequently,
cascaded FWMs multicast the input signal to spectrally distinct replica copies.

As mathematically derived in Eq. 2.14, the nonlinear efficiency of the
parametric device is governed by the nonlinear figure of merit (NFoM), defined as the
product of nonlinear coefficient, optical power and interaction length. In addition, the
dispersion profile of the parametric device determines the phase matching condition, a

prerequisite for efficient parametric effect. Recognizing these requirements, a
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dispersion engineered fiber synthesized parametric mixer with sizable copy number
has been developed in Ref. [16, 17] and is introduced numerically in this section.

Fig. 2.5(a) shows the simulation configuration of the dispersion-managed
parametric mixer, which was calculated by a NLSE solver with adaptive step size,
neglecting stimulated Brillouin scattering (SBS) and Raman interaction. In the
simulation, two pumps were positioned at 1547.7 and 1550.9 nm, combined with one
signal at 1550.1 nm and subsequently launched into the parametric mixer. Fig. 2.5(a)
Inset shows the corresponding frequency configuration of the input three waves at
checkpoint A. Specifically, each pump was initialized as having power of 0.6 W,
while the signal possessed -20 dBm input power ( Ps,). Quantum noise was modeled
as an additive Gaussian white noise at the input of the mixer, with the variance defined
by half-photon power spectral density (PSD).

The parametric mixer is constituted by three fibers. The first one is a 105-m
HNLF (HNLF1), characterized by a ZDW of 1559 nm, dispersion slope (i.e. ‘;—i) of

0.025 ps/km/nm? and nonlinear coefficient of 15 km™W™, inducing SPM to the two
pump defined sinusoid wave. Fig. 2.5(b) shows the frequency spectrum, time-domain
waveform and chirp of the optical waves after HNLF1 (at checkpoint B). We can
obviously observe that the SPM creates high order sidebands and the sinusoid

waveform is positively chirped.
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Figure 2.5 (a) Simulated configuration of parametric mixer, which is composed of three fiber
stages. Inset: frequency configuration of input three waves: two pumps were spaced by 400
GHz, the input signal was 100-GHz offset from the pump at 1550.9 nm. (b) Optical spectrum,
time domain waveform and chirp at checkpoint of B. (c) Optical spectrum, time domain
waveform and chirp at checkpoint of C. (d) Optical spectrum at the output of the parametric

mixer.



18

Subsequently, a 6-m SMF possessing negative GVD follows the chirping
element, whose certain amount of dispersion compensates for the positive chirp,
leading to narrow pulses in time domain. Correspondingly, the intensive pulses with
negligible chirp are shown in Fig. 2.5(c) (for checkpoint C). In effect, the first two
stages of the parametric mixer function as a pulse compressor, in order to obtain high
peak power and high NFoM for the mixing stage. The final mixing stage is a 230-m
dispersion flattened HNLF, characterized by a peak dispersion of -0.05 ps/nm/km and
dispersion fluctuation less than 0.5 ps/nm/km over 100-nm bandwidth. Fig. 2.5(d)
shows the simulated output spectrum of the parametric multicasting with over 100-nm

bandwidth.

2.4 Noise analysis

The PI parametric multicasting is capable of generating high count copy
number with preserved integrity, as introduced in Section 2.3. In addition, low noise
operation is another essential property towards the ideal performance of wavelength
multicasting. Therefore, we numerically investigate the noise performance of the
proposed multi-stage parametric mixer in this section.

Noise property of optical devices is commonly evaluated by NF, defined as the
ratio between the input and output SNRs in electrical domain [33] with a shot-noise
limited input [34].

_ Pin/Nin 215

Pout/Nout

The Pl devices, including Erbium-doped fiber amplifier (EDFA),

semiconductor optical amplifier (SOA), Raman amplifier, and FOPA, are widely
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utilized in various applications, ranging from commercial to defense. However, all
these Pl amplifiers have NF quantum limits. Take the EDFA as an example, in
addition to the amplified input noise, amplified spontaneous emission (ASE) are
excited, resulting in excess noise and a quantum limit of 3-dB NF.

Regarding one-pump FOPA (shown in Fig. 2.3(b)) with one signal present at

the input, the analytical solution can be simply denoted as

[BS(Z)

B =[x ”*][ESOJZ"S] 2.16

v*ou n;

where u and v are determined by the phase matching condition and NFoM. Eq. 2.16

S

indicates that the parametric gain of the input signal is G p;4 = PP— |ul?, while the

N -
CE of the idler is G; p;4 = :—" = |v|?, further confirming the phase independent nature
N
of the parametric amplification with the absence of the idler. The SNR is defined in

the electrical domain with shot noise limited signal and correspondingly, the input

SNR of one-pump FOPA can be expressed as

_ (®RPso)®> _ Pso
SNRi, = YT o 2.17

where R is the responsivity of the translation from optical to electrical domain, h is

the Plank constant, and v is the frequency of the detected signal. The noise term in Eq.

2.17 is dominated by the shot noise, resulting from the beating between the quantum
noise source and the signal field (i.e. P, %) [35]. While the output SNR is expressed

as

2
SNRyy: = (RGs.p1aPso) =50 2.18

hv hvy —
4R2Gs praPso(Gspray+Gipray)  4hV
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where G p;4Pso represents the amplified signal power. Eq. 2.18 also indicates that the

parametric process couples the vacuum fluctuation from the idler to the signal mode,

in addition to the amplified input noise, as denoted by GS,P,A% + Gipia % Therefore,

we can obtain NF = % corresponding to 3-dB NF for the one-pump Pl FOPA.

The same principle also works for the dual-pump driven FOPA, indicating that
a quantum limit of 6-dB NF can be derived from the quantum noise coupling [36]. On
the other hand, a parametric wavelength multicasting with high count copy number is
desired in this dissertation, whose noise performance is intuitively considered as

scaling up with copy number N [36, 37], expressed as

2
RGs praP. P
SNRye = ——nismtalo) Lo 2.19
4R2Gg praPso(N Gs,P1A7) N-2hv

Eq. 2.19 implies that the parametric multicasting with high count copy number
is doomed to have degraded noise performance (NF = %), attributed to the equalized

noise coupling among all the sidebands, provided that the fiber mixer has negligible
dispersion. In practical terms, the normal dispersion profile of the parametric mixer is
substantial to achieve efficient wavelength multicasting with ultra-low noise
performance [25]. Consequently, numerical simulations on the noise performance of
the parametric mixer were implemented by the NLSE solver, where two pumps and
one signal were launched in to a single stage HNLF, characterized by a length of 600-
m, a peak dispersion of -0.05 ps/km/nm and dispersion fluctuation less than 0.5
ps/nm/km over 100-nm bandwidth. The output spectrum of the Pl multicasting in a

single stage fiber mixer is shown in Fig. 2.6(a). Note that without the dispersion
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management, the multicasting spectrum and copy number are largely reduced
compared to the multi-stage parametric mixer in Fig. 2.5, further validating the high

efficiency of the proposed dispersion-synthesized parametric mixer.
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Figure 2.6 Simulated spectrum of wavelength multicasting in a single stage mixer. (a) whole
spectrum. (b) expanded spectrum of central 20 signal copies.

To calculate the noise evolution in the single stage fiber mixer, the central 20
signal copies were individually derived from the comb and detected to obtain the noise
PSD for the NF derivation. Fig. 2.7 shows the G/CE and NF evolution in the single
stage fiber mixer, presenting a converged 6-dB G/CE for the central copies. In
addition, we can observe that the NFs for the central 20 signal copies also converged
to 6-dB, instead of scaling up with the copy number N. In effect, the noise coupling is

localized due to the normal dispersion induced phase mismatch.
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Figure 2.7 Gain and NF evolution in the 600-m long single stage fiber mixer.

Mathematically, the corresponding output SNR is expressed as
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2
RGspraP P
SNR e = ——RGspiafeo) oo 2.20
4R2Gs praPso(4Gspray)  42hv

hv

where 4GS,P,A? denotes the normally dispersive mixer induced localized noise

coupling between the input waves, leading to a 6-dB NF quantum limit. Most
importantly, with adequate interaction length and localized noise coupling, the
wavelength multicasting with high count copy number but limited fidelity loss can be

achieved by a properly designed normally dispersive fiber mixer.

2.5 Summary

In fiber communication, the parametric effect is usually treated as an impairing
effect, inducing nonlinear crosstalk between the WDM channels. On the other hand,
recognized by the instantaneous response speed and transparency to arbitrary
modulation formats, the parametric effect has been employed in various applications,
such as parametric amplification and signal processing [38]. In this dissertation, the
multi-stage dispersion-managed parametric mixer was developed as an efficient
method for wavelength multicasting with sizable copy number. Following the
introduction to the basic physics of parametric effect, the principle of the parametric

wavelength multicasting was described and numerically simulated.



Chapter 3 Four-mode Phase-Sensitive Wavelength

multicasting

As demonstrated in Chapter 2, dual-pump driven parametric wavelength
multicasting in normally dispersive mixer has a quantum limit NF of 6-dB, indicating
a feasible high-count parametric multicaster with reasonable noise degradation.
Contrary to the Pl process, the PS parametric device has been acknowledged as the
potential method for noiseless amplification. Therefore, we proposed to combine the
4AMPS architecture with the dual-pump driven parametric mixer in this chapter, in
order to the achieve the ultra-low noise wavelength multicasting.

Here, following the basic principle of the PS process in Section 3.1, the 4MPS
wavelength multicasting is theoretically introduced in Section 3.2. Section 3.3
describes the experimental architecture, including coherent wave generation, pump
recovery, fiber mixer, and phase-locked loop (PLL). While the essential component
PLL is detailed in Section 3.4, illustrating the importance of manipulating the phases
of two pumps for stabilization. Furthermore, to obtain the maximum G/CE profile and
reduced high order four wave mixing (HoOFWM) terms, the management on four
signals’ phases are demonstrated in Section 3.5 and 3.6, respectively. Subsequently,
the experimental results, including NF and bit-error-rate (BER) evaluations, are
presented in Section 3.7, validating the ultra-low noise performance of the 4MPS

wavelength multicasting.

23
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3.1 Phase sensitive process

According to the generalized amplifier uncertainty principle [39], the PI
process, amplifying both quadratures of the input signal, has excess noise added
during the amplification. Contrary to that, the PS amplification possesses phase
dependent gain, considered as the potential means for noiseless amplification.

In practical terms, most reported experimental demonstrations of the PS
devices were achieved by the parametric effects. As aforementioned in Section 2.2.,
this dissertation focuses on the HNLF (i.e. third-order nonlinearity) based PS
parametric effect. The corresponding frequency configurations for one-mode, two-
mode, three-mode and four-mode parametric effects are shown in Fig. 2.3. Take the
one-pump two-mode FOPA (in Fig. 2.3(b)) as an example, there is a 3-dB quantum
limit NF for the PI operation (with one signal present). On the other hand, when the
phase correlated signal and idler both are present at the input of the parametric mixer,
in addition to be coupled by the parametric process, constructive interference allows
optical field coherent summations, resulting in a 6-dB gain improvement compared to

the PI case. The principle has been demonstrated mathematically as

[BS(Z)

ESO S
B?(z)=[“ "] +"] 3.1

* * * *
vt ul|Ep +

where Eyy = /Psoe %, E;y = \/Pige ™%, Py, and P, are the initial input power for
signal and idler, respectively. Solving Eg. 3.1, we can obtain the power of the signal

and idler after amplification, expressed as
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P = |U-|2Pso + |v|2Pi0 + 2|uv|\/ Pso P COS(GS +6,+60,+ 917)
3.2
P; = |u|?P;p + |v|?Pyg + 2|uv|/PsoPip cos(b + 6; + 6, + 6,,)

In the PI operation, the initial input power of the idler (P;,) is zero, and therefore, we

can obtain the P1 gain is G p;, = == = |u|?2, while the idler CE is G; pj4 = - = |v|?,
] P ] P
N N

further explaining the phase independent nature.

In contrast, when both the signal and idler are present at the input, Eq. 3.2
describes the phase dependent essence, i.e. the output powers of the signal and idler
rely on the input phase relation 8,..,;, = 65 + 6; + 6,, + 8,,. Specifically, 6,.; = 0° leads
to the constructive interference between the input waves, and therefore, we can obtain

the maximum G/CE

2
luly/Pso + [v|3/Pio
GS,PSA = P
s0
3.3

— <|u|ﬁ + |v|m>2

i,PSA —
Pgo

Assuming the input powers of the signal and idler are balanced, while the parametric

gain is equalized, the output SNR can be obtained as

2
RGs psaP Py G P
SNRout = ( - SO) S0, Z5PSA — _sO 3.4

4R G psaP o (26 p1a)  4hv Gipia  hv
Owing to the coherent combination, the PS to Pl gain improvement is four fold,
corresponding to a 6-dB gain improvement. On the other hand, the incoherent noise
coupling only doubles the noise power accumulation. Comparing the input (see Eq.
2.17) and output (see Eq. 3.4) SNRs, a -3-dB NF can be obtained for the two-mode

FOPA. However, a more rigorous SNR definition relying on the combined powers of
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the multiple input signal waves is utilized in this dissertation, where SNR;;, com =

2
—g::;")h,, = %, leading to a theoretical 0-dB NF for the two-mode PS amplifier.
507

Therefore, the PS parametric process has the potential to achieve a truly noiseless
amplification [39], motivating recent research efforts into this direction. Most of these
studies have focused on one- and two-mode PS amplification, validating its phase
squeezing [40-42] and low noise amplification [27, 28, 43] properties. Whereas, the
investigation in this dissertation focuses on the 4MPS process, owing to its further
improved SNR, which will be theoretically and experimentally demonstrated in next

sections.

3.2 Four-mode phase sensitive multicasting

Fig. 3.1 shows the basic configuration of the dual-pump driven parametric
wavelength multicasting in the Pl and 4MPS operation modes. Conventional devices,
mainly relying on the PI process, have phase-independent G/CE profiles, as shown in
Fig. 3.1(a). Specifically, when S; is the only input signal, the processes of Ml, BS and
PC create new idlers, and meanwhile the cascaded FWM effects produce high order
pumps and multicast signal replicas, as shown in Fig. 3.1(a). As discussed in Chapter
2, an ideal parametric mixer with normal dispersion localizes the noise coupling and

converges the NF to 6 dB for the Pl multicasting.
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Figure 3.1 (a) The basic configuration for Pl wavelength multicasting. (b) The basic
configuration for PS wavelength multicasting. (c) The simulated configuration for 4MPS
multicasting with two pumps and four signals launched into the three-stage parametric mixer.

In contrast, the 4MPS process corresponds to a state when all four sidebands
(S1/S2/S3/S4) are occupied at the input, as shown in Fig. 3.1(b). Assuming that
amplification process does not lead to significant pump depletion and high order
mixing tone generation, one input mode (taking S, as an example) is amplified, while

three remaining input modes contribute three idler fields to the amplified tone (S,).
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Consequently, the output mode at S, is the coherent summation of four fields,
expressed as

S2out = M1S1 + U282 + UsS3 + 14Sy 3.5
where S, o4t IS the output mode, Si.4 are the input modes, and the coefficients ;.4 are
dictated by the characteristics of the parametric device and the input optical waves.
Moreover, the parametric G/CEs are governed by the phase matching condition
(assuming the dispersion, nonlinear coefficient and interaction length of the nonlinear
medium, and optical powers have been optimized), as depicted in Eq. 3.5, where Gp;

denote the pump phases, 6154 represent the signal phases, and m is an arbitrary

integer.
051 = 201 — 05 + 2mn 3.6(a)
053 = Op1+0,; — 05, + 2mn 3.6(b)
05y = 0,402 — 0y + 2mm 3.6(c)

Eq. 3.6 indicates that the maximum parametric G/CE mandates the phases of
three signal modes match the phases of the remaining signal mode, as well as that of
the two pumps. Provided that the phase conditions in Eq. 3.6 are satisfied, and the
input signals’ powers and parametric G/CEs on each mode are equalized, a 12-dB
coherent gain increase (i.e. four-fold multiple of the single field) is expected when
compared to the PI case. We note that this increase directly follows from Eq. 3.5, and
was experimentally validated in Ref. [29, 44].

Regarding the parametric mixer based wavelength multicasting, it is not
intuitive to analyze the phase relation between the interacted waves. Nevertheless, the

response of the 4MPS multicasting architecture was calculated using an adaptive-step
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NLSE model, neglecting SBS and Raman interaction. As demonstrated in Fig. 3.1(c),
two pumps were positioned at 1547.7 and 1550.9 nm, and combined with four signals
at 1546.9, 1548.5, 1550.1, and 1551.7 nm, respectively. Subsequently, the six phase-
correlated waves were launched into the three-stage parametric mixer [16, 17], whose
parameters have been detailed in Section 2.3. The power of each pump was 0.6 W,
while the power of four signal modes were equalized; each mode possessing -20 dBm
input power ( Pgy). Quantum noise was modeled as an additive Gaussian white noise
at the input of the mixer, with the variance defined by half-photon PSD. Here, we note
that the simulation on the PI multicasting demonstrated in Section 2.3 has the same
simulation setting, which, however, has only one input signal at 1550.1 nm. The G/CE
of the multicasting is defined as a ratio between the output replica power and input

signal power for both PS and PI schemes.
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Figure 3.2 Spectral comparison between the 4MPS and Pl wavelength multicasting. (a) The
input six waves were phase synchronized as 0< (b) The input six waves P1/P,/S:/S,/S3/S, were
arranged as 15760 710720755765<

The resulting spectra from the simulated 4MPS parametric multicasting are
shown in Fig. 3.2(a) and (b) as red curves, where the input optical waves were co-
polarized. In Fig. 3.2(a), all the input waves were phase synchronized, i.e. the initial
phases were 0< Whereas in Fig. 3.2(b), the input phases of P1/P,/S1/S,/S3/S, were

arranged as 1576010520 755965< Both states satisfy the phase matching condition
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defined in Eqg. 3.6, guaranteeing that the multicasting G/CE is maximized. Moreover,
the blue curves in Fig. 3.2 correspond to the PI spectrum in Section 2.3, clearly
validating that when the phase matching condition is satisfied, a 12-dB G/CE can be
obtained by the 4MPS operation.

To investigate the phase dependent properties of the 4MPS wavelength
multicasting, the phase of each signal was individually swept from 0°to 360< while
the phases of the remaining input waves were arranged according to the setting in Fig.
3.2(b). Based on the aforementioned multicasting G/CE definition, the PS G/CEs were
calculated with each signal's phase swept. As expected, for the PI case, the G/CE was
constant when the phase of the only input wave was swept. Consequently, the PS-to-PI
G/CE improvements follow the same trend as the PS G/CE when the input phase is
changed: with signal phase swept, corresponding response exhibits sinusoidal
characteristics, as shown in Fig. 3.3. As an example, consider Fig. 3.3(a) in which S;’s
phase was swept, while the phases of P1/P2/S,/S3/S4 were 15760F20755765< The
corresponding PS-to-PI gain improvement peaks when the phase of S; is equal to 10<
In other words, a 12-dB G/CE PS improvement is obtained when the input phases
obey the phase matching rule (i.e. Eq. 3.6). The same conclusion can be attained from
sweeping the phase of the other inputs, as shown in Fig. 3.3: grey curves in Fig. 3.3
represent newly generated 20 signal copies. As evident, some of the grey curves
deviate from optimum phase value, originating from the fact that the higher order
mixing tones are dominated by FWM process that is spectrally distant from the
original seeds. Recognizing the phase relations of the 4MPS multicasting, we next

proceed to the experimental demonstrations with phase and power stabilizations.
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Figure 3.3 The simulated PS-to-PlI G/CE improvements response of the central 24 signal
copies for individual input (i.e. S1/S,/Ss/S,) phase sweep. (a) phase of S; 1546.9 nm was swept
from 0°to 360< (b) phase of S, 1548.5 nm was swept from 0<to 360< (c) phase of S31550.1
nm was swept from 0°to 360< (d) phase of S, 1551.7 nm was swept from 0=to 360<
S1/S,/S3/S, corresponding outputs are marked as blue, green, magenta and red.

3.3 Experimental implementation

We constructed the 4MPS experimental configuration as shown in Fig. 3.4(a),
consisting of three distinct segments. In the first block, cascaded modulators were
used to generate mutually coherent waves, essential for the phase correlation required
in the PS process. A narrow linewidth laser centered at 1549.3 nm was launched into
concatenated amplitude modulator (AM) and two phase modulators (PM ), driven by a
25-GHz radio frequency (RF) signal. An optical comb with 5-nm 10-dB-bandwidth
was generated by managing the bias of the AM and the RF phases into the PMs, with
output spectrum shown in Fig. 3.4(b). EDFAs in Part | were used to compensate for

the power degradation induced by the modulator cascade.
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Next, the amplified comb was launched into second processing block, used to
define the wavelength grid for pumps and signals, to regenerate pumps and finally to
combine all polarization-aligned coherent waves before the parametric mixer. The two
pumps were separated by 400 GHz and were positioned at 1547.7 and 1550.9 nm.
Four signals were positioned with 100-GHz offset from the closest pump. Pump seeds
and the signals were selected and de-multiplexed into three branches by an optical
processor (OP). In each pump branch, injection locking was employed to maintain
high SNR and guarantee high degree of phase correlation between the input waves.
Subsequently, regenerated pumps were further amplified to 33 dBm, band-pass
filtered and re-combined with the four signals at 1546.9, 1548.5, 1550.1 and 1551.7
nm. In the PI case, only one signal 1550.1-nm was extracted by the OP.

In the third block, all six coherent waves were launched into the three-stage
dispersion-engineered parametric mixer [16, 17]. The first mixer stage consisted of a
105-m long high gamma HNLF (i.e. HNLF1 in Fig. 3.4(a)), characterized by a ZDW
of 1597 nm, a dispersion slope of 0.018 ps/km/nm? and a nonlinear coefficient of 22
km™W™, which was longitudinally strained to increase the Brillouin threshold [45].
The nonlinear Kerr effects in HNLF1 induced a nonlinear phase shift (a positive chirp)
and expanded the initial six tones. Note that the dispersion profile of the HNLFL1 is

presented in Fig. 3.4(c).
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Figure 3.4 (a) Experimental configuration including four partitions: coherent wave generation,
pump recovery, parametric mixer and DPLL. (b) Part I output, an optical comb with 5-nm 10-
dB-bandwidth. (c) Dispersion profile of HNLF1. (d) Dispersion profile of HNLF2.
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In the second mixer stage, the chirped tones were compressed in a 6-m SMF,
resulting in optical pulses with high peak power in time domain. This was followed by
a nonlinear stage, made of a 230-m long dispersion-flattened HNLF (see the
dispersion profile of the HNLF2 in Fig. 3.4(d)), in order to further expand high-order
tones and achieve broadband multicasting.

The proposed parametric mixer was capable of delivering hundreds of copies
in the Pl multicasting role, as validated in Ref. [16, 17, 29]. Provided that all
environmental perturbations, such as thermal and acoustic fluctuations were absent,
the PS operated processor chain was expected to provide a 12-dB G/CE and SNR
improvement [29]. Unfortunately, the need for pump regeneration also renders this
topology to be essentially an interferometer. In practice, thermal and acoustic
variations induce length change in all three fiber branches of the second experimental
block, resulting in fast (~kHz) fluctuations of the multicast output power.
Consequently, a PLL is required to track and compensate for the phase fluctuations to

maintain a relative constant phase relation between the six waves.

3.4 Phase-locked loop

Due to the inherent simplicity, most previous investigations focus on the one-
and two-mode parametric devices, containing only one FWM process, as shown in
Fig. 2.3(a) to (c). As a result, it is sufficient to phase-lock one pump’s phase to
signal(s) for stabilized output in these two cases, as validated in prior studies [28, 40,
41, 46]. In particular, the PLL in one- and two-mode applications can be implemented

using simple, analog feedback algorithms.
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In contrast, the phase relation of the dual-pump four-mode case, dominated by
three FWM processes between the input six waves (Ml, BS and PC), requires much
more complex PLL schemes. Based on Eq. 3.6, different solutions for the PLL locking
mechanism are admissible. In practical implementation, four signals are transmitted in
a single waveguide and are phase locked to each other. The two pumps’ phases can be
manipulated independently to achieve stabilized operation. Specifically, P; can be
controlled to be phase locked to S; and S, (see Eq. 3.6(a)), while P, is phase locked to
P1, S3, and S, (see Eq. 3.6(b)). In this setting, the relative phase between the six waves
are inherently maintained constant. In particular, to achieve maximum G/CE state, the
phase of a signal wave should be optimized independently in order to satisfy the phase
matching (i.e. S4 in Eq. 3.6(c)). In a general case, four signals are not phase locked to
each other and all the six waves possess independent phase fluctuations. In the latter
setting, locking solutions, different from the one described above, would likely have to
be judiciously selected.

As analyzed here, the phases of two pumps are required to be locked to
maintain the constant phase relation, eliminating any simple PLL analog
implementation with one dithering frequency tone from the consideration. Digital
phase-locked loop (DPLL) techniques have been employed in various applications to
track and maintain optical coherence [47, 48], since they allow advanced computing

algorithm to be utilized in addition to the scaling of the controlled beam count.
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Figure 3.5 Experimental implementation with DPLL stabilization.

Consequently, we detail specific implementation of the DPLL scheme in Fig.
3.5, employed to maintain the stabilized G/CE in the 4MPS multicasting architecture.
In this dissertation, the main function of the DPLL is to track the two pumps’ phase
fluctuations by a single dithering tone, compensate for the phase fluctuations of two
pumps and maintain the relative phase relation between the three fiber branches. To
obtain the error signal, the multicasting output from the architecture shown in Fig. 3.5
was split, and 10% of the power was received by the fourth processor section (i.e.
DPLL). Instead of a PLL filter and a phase detector in the analog implementation, a
microprocessor was utilized to calculate the phase error signals.

Furthermore, to track and lock the relative phase between the three

independent fiber branches (of the pump recovery module), two piezoelectric
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transducers (PZTs) were inserted into each pump path as stretching devices, while
three fiber lengths were matched to within 1-cm physical difference. Two digital-to-
analog converters (DACSs) were used to output the phase error signals with alternating
60-kHz dithering, and subsequently electrically amplified to drive the PZTs. As a
result, this phase dithering information was transferred to render 60-kHz power
fluctuation of the multicasting output signals.

To achieve stabilized and equalized multicasting spectrum, three optical
channels at 1548.5, 1550.1, and 1551.7 nm were filtered at the output monitor path,
detected, electrically amplified and sampled by three ADCs. A dedicated
microprocessor processed the sampled data in real time, inspected the phase-dithering
induced power fluctuation, computed the error signal levels by the gradient descent
algorithm [48, 49] and controlled the time sequence of the phase dithering of the two
DACs. As indicated in Fig. 3.5, the phase dithering modulation on two pumps was
time division multiplexed. Therefore, the microprocessor was capable of
distinguishing phase fluctuations from each pump, a critical functionality in this
architecture.

The instantaneous response of the DPLL was recorded by monitoring three
channels at 1548.5, 1550.1, and 1551.7 nm, as shown in Fig. 3.6(a). Prior to the DPLL
initiation (0 ms), multicasting output powers fluctuated due to the environmental
perturbations. 800 ms after DPLL initiation, the digital stabilization algorithm has
converged and the system has locked the loop. As seen in Fig. 3.6(a), the power
fluctuations are reduced after this period and the output powers are maximized and

maintained at a steady level. Note that the DPLL locking bandwidth is 3 kHz, mainly
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determined by dithering frequency and error-signal extraction algorithm execution
speed in the microprocessor. Fig. 3.6(b) illustrates the direct current (DC) coupled
driving signals applied to two PZTs, derived from the error-signals computed by the
microprocessor. In practical terms, both PZTs were digitally managed in real time to
alter the two pumps phases and to compensate for environment-induced phase

fluctuations, imposing a strict and stationary phase relation between the input waves.
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Figure 3.6 DPLL instantaneous performance. (a) Three monitored optical channels’ power
fluctuations. (b) The DC driving signals on two PZTs.

Finally, the requirement that the DPLL operates with three simultaneously
monitored channels is validated in Fig. 3.7. As illustrated in Fig. 3.3, the high order
mixing tones require a specific, optimal signal phase, different from the original
seedings. In this condition, only localized maximized PS CE can be attained, whereas
other multicasting copies will be attenuated. For broadband multicasting, the G/CE
must be globally optimized, and thus three wavelength channels (i.e. 1548.5, 1550.1
and 1551.7 nm) were monitored for equalized spectrum, shown as the red curve in Fig.
3.7, which possessed 1.5-dB flatness over 20 signal copies. When one or two of three
channels were selected for phase locking, tilted G/CE spectra were obtained and
presented as the blue and black curves in Fig. 3.7, respectively. Therefore, Fig. 3.7

confirms that the globally equalized maximum G/CE spectrum mandates at least three
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monitored channels in the DPLL system. In contrast, only one or two monitored
channels were sufficient for stabilization, but the CE will then deviate from copy to

copy and will not yield equalized spectral response.
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Figure 3.7 The signal power spectra with one, two and three monitored channels. Red curve:
three monitored channels, blue curves: two monitored channels, black curves: one monitored
channel.

3.5 Phase manipulation

According to the predictions and simulations in Section 3.2, one of the input
signals’ phase also needs to be controlled to obtain the maximum multicasting G/CE,
in addition to two-pump phase locking. Consequently, multicasting can be optimized
by sweeping the phases of the four input signals individually. According to the G/CE
definition in Section 3.2, the PS G/CEs were calculated when the power of each input
signal was -18 dBm and each signal's phase was swept over 360<by the OP, while the
Pl G/CE was obtained for the input signal of 1550.1-nm with power of -18 dBm.
Experimental comparison between PS-to-Pl G/CE for phase sweeping of individual
input signal is presented in Fig. 3.8(a) to (d), respectively, where a 12-dB G/CE

improvement was clearly seen between the PS and PI scheme. Finally, the 12-dB PS
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induced gain increase over that in the Pl case was observed by optimizing the input

phase of any one among the four signals.

PS-to-Pl G&CE
Improvement (dB)
PS-to-Pl G&CE
Improvement (dB)

0 50 100 150 200 250 300 350 0 50 100 150 260 250 300 350

Phase (degree) Phase (degree)
(a)

———
——

PS-to-Pl G&CE
Improvement (dB)
PS-to-Pl G&CE
Improvement (dB)

0 50 100 150 200 250 300 350 0 50 100 150 200 250 _ 300 _ 350
Phase (degree) Phase (degree)
(c) (d)

Figure 3.8 Experimental multicasting (i.e. central 24 copies) output power response by
changing signal phase. (a) S; 1546.9 nm phase is swept over 360< (b) S, 1548.5 nm phase is
swept over 360< (¢) Sz 1550.1 nm phase is swept over 360< (d) S; 1551.7 nm phase is swept
over 360<

The measurements can be compared with the simulated responses shown in
Fig. 3.2, where phase sweep induced difference of the PS-to-PI coherent gain was
more than 6 dB. However, experimental PS-to-Pl coherent gain increase was
approximately 3 dB, as shown in Fig. 3.8. This discrepancy is a direct consequence of
the developed DPLL algorithm that optimized the phases of the two pumps to
maximize and stabilize multicasting G/CE when the signal phase was tuned; in
contrast, in simulations only one signal phase in the system was tuned and all the other
input phases were fixed. However, the measured improvement of PS-induced G/CE in
Fig. 3.8 still illustrates that at least one signal phase should be used for optimization of

multicasting G/CE. Note that in the signal phase control, the DPLL served a dual
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functionality: the DPLL first controlled the relative phase between the pumps and the
signals for a maximized multicasting G/CE; additionally the DPLL maintained the
relative phase relation between the six waves by compensating for the phase

fluctuations in each pump path.

_ Red curve: PS schemd . ok j " 20 copies G/CE>10'dB
E of Blue curve: Pl scheme| E
E E 710g
5 l 3.5dB -
g —agLv24copies| | | | || f]][ 18 o L
o
e |---- o
K I | ' | 5 -3¢
- E - - -
£ -0 12 -aor T
c s
] S
= L L ‘ “ “ = -50
-Go mel P pop e i
1500 1520 1540 1560 1580 1600 1530 1535 1540 1545 1550 1555 1560 1565
Wavelength (nm) Wavelength (nm)
(a) (b)

Figure 3.9 Experimental spectra comparison between the PS and the PI multicasting. (a) whole
spectrum. (b) a zoom-in view.

The spectral response of the stabilized PS multicasting was compared with the
Pl scheme in Fig. 3.9(a), where one signal was set to the optimized phase value by the
OP (e.g. signal 1546.9 nm, phase was manipulated to be 1009, leading to a
maximized PS G/CE. The maximum G/CE of the Pl multicasting was 5 dB for the
input signal at 1550.1 nm having -18 dBm power level. In the PS multicasting case,
using the same input power per mode as the PI case, a maximum of 12.5-dB CE
improvement compared to the Pl multicasting and 24 copies with 3.5-dB power
flatness were achieved. A sub-band is shown in Fig. 3.9(b), indicating that the PS
multicasting corresponding to 20-copy count had more than 10-dB gain advantage
over the Pl case. Equally important, the noise level remained at the same level as the
PI condition. Consequently, a 12-dB optical SNR improvement over Pl state in 4MPS
multicasting was achieved in the case when two schemes had the same input signal

power per mode (i.e. -18 dBm).



42

3.6 Suppression of high order four wave mixing tones

Due to the significantly improved CE of the 4MPS parametric multicasting,
HoFWM effects between signals and pumps create spurious tones in the multicasting
spectrum, leading to further beating between pumps or signals generating second high
order four wave mixing (2HoFWM) crosstalk terms, directly degrading the multicaster
performance, by virtue of inter-channel crosstalk (ICC). Various ICC suppression
techniques have been investigated in WDM signal amplification based on a FOPA. In
a one-pump driven FOPA, uneven frequency spacing or guard band [50, 51] has been
deployed to isolate the crosstalk terms that originate from the FWM products between
signals and idlers. Alternatively, it has been shown that reducing fiber length [52, 53]
or nonlinearity [54] can effectively suppress HoFWM effects and thus its
corresponding crosstalk. However, in those settings, the pump power needs to be
increased to maintain the parametric efficiency and bandwidth. Compared to the
single-pump FOPA, orthogonal pump polarization has been exploited in a dual-pump
driven FOPA to reduce the FWM induced crosstalk, as well as signal degradation
caused by cross gain modulation [55, 56]. Nevertheless, in the latter case the
bandwidth occupied by the HOFWM tones in the wavelength multicasting still remains
unusable. Even worse, for the high speed data multicasting and signal processing [19],
the HOFWM terms can interfere with signal modulated sidebands and induce inter-
channel interference (ICI).

The preceding sections have theoretically and experimentally demonstrated
that pumps’ phases and one signal’s simultaneous regulation are pivotal to 4MPS

multicasting power stabilization and CE maximization [41, 57]. While in this section,
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the phases’ manipulation of all the involved modes in the 4MPS multicasting is
extended to HOFWM suppression [58, 59].

In the investigation, the wavelength multicasting is accomplished based on the
dual-pump driven parametric processes in the three-stage, dispersion-synthesized
shock wave mixer, whose input pump power, fiber length and nonlinearity are
optimized specifically for low noise performance [18, 25], in addition to the broad
bandwidth operation [16]. Moreover, in the chosen implementation, the two pumps are
co-polarized in order to achieve broadband multicasting with maximized CE, making
the conventional methods of suppressing HOFWM induced ICC and ICI in FOPA
inapplicable. In this section, a novel scheme for removing inter-channel HOFWM
tones based on 4MPS process is specifically demonstrated for the first time.

A spectral overview of dual-pump seeded parametric multicasting is shown in
Fig. 3.10, where P; and P, are two pumps, and S; to S, are four signals. Due to the
improved multicasting G/CE and thus the increased output power, the inter-channel
HoFWM terms materialize. As shown in Fig. 3.10(a), Hy (or Hy) is initially produced
by the HOFWM between S, and P; (Sz and P;), and then cascaded FWM effects
interact with H; (H;) further, so as to generate other inter-channel HOFWM terms.
However, the suppression of HOFWM effects can be engineered if the frequencies of
pumps and signals are selected in the manner that H; and H; overlap, and their phases

are manipulated so as to create destructive interference between H; and Hs.
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Figure 3.10 The schematic of dual-pump seeded parametric wavelength multicasting based on
cascaded FWMs between pumps and signals. MI: modulation instability, PC: phase
conjugation, BS: Bragg scattering. P4, P,: pumps, S; to S,: signals, H; to Hy: high order FWM
tones. (b) ICC induced by the HOFWM tone. 2H;: FWM product from the second HoOFWM
between H; and Ss. (c) ICI induced by the HOFWM tone.

On the contrary, constructive summation of H; and H, will increase the power
of the central HOFWM tone, consequently boosting a 2HoFWM effect between Hi/H,
and signals (or pumps). Take Fig. 3.10(b) as an example, assuming phase matching
allows the FWM process to transfer energy from Hi/H;, and S3 to a 2HoFWM tone (i.e.
2H;), this generated tone will overlap with S; and inevitably result in ICC being
introduced into the parametric multicasting. Certainly, when the input signal(s)
contain high speed data and occupy a wide bandwidth, the generated HOFWM tone
will interfere with the multicast replicas, inducing ICI and thus the degradation of the

multicasting quality, as shown in Fig. 3.10(c).
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3.6.1 Numerical simulation

The corresponding numerical simulations for the dual-pump driven parametric
multicasting were implemented based on coupled wave equations, whose
configuration and simulated parameters have been introduced in Section 3.2. As
indicated in Eq. 3.7, N is the number of frequency lines that are present at the mixer
output, z is the longitudinal position of the fiber mixer, y is the nonlinear coefficient of

fiber, A; (4;, Ay, A;) is the optical field for each frequency line w; (w;, wy, ;).
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where ABji; = (Bj + B1 — Bx — Bi)z is the phase matching term governed by the fiber
dispersion. By, is the propagation constant at frequency w;, which can be expanded
around ZDW (i.e. wo), 1.8, B = 2 Bea (@ = @0)* +2 Bes (e = w)® + = Bra (y —
w0)4 [60]. Here, By, Brs and By, are the second, third and fourth order derivative of
the propagation constant g, at the ZDW, respectively.

In the simulation, Ap; and Ap, are the optical fields of the two pumps, whose
initial average power and phase were 0.6 W and 0< respectively. While the

simulation-associated step size was set as 0.1 m. We note that there were 263 optical

waves (including 66 pumps, 132 signals, and 65 inter-channel HoFWM tones)
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interacting along the fiber mixer, where SBS, Raman interaction and noise statistics
were neglected. The phase coherence between the input waves was guaranteed by
managing each optical field as an ideal single frequency line. In contrast to our
previous simulation work that studied the spectral comparison between the Pl and PS
scheme, as well as the noise evolution [25, 29] (see Section 3.2), in this contribution
the investigation focuses on the phase manipulation of the 4MPS process employed

for suppression of inter-channel HOFWM tones in the PS multicasting.
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Figure 3.11 Simulated spectra of PS multicasting without and with HOFWM suppression. Red
curve: for phase synchronized pumps and signals, there is no HoOFWM suppression, signal to
HoFWM tones extinction ratio is around 17 dB. Blue curve: for signals with complementary
phase setting, signal to HOFWM tones extinction ratio is improved by over 20 dB.

The spectrum at the output of the simulated mixer with phase synchronized
optical waves is shown as red curve in Fig. 3.11, where the four signals Ag; to Ag,
were individually initialized with an average power of -20 dBm and phase of 0< On
the other hand, the blue curve in Fig. 3.11 shows the same signal G/CEs, but with
reduced HOFWM terms, which was achieved by setting the phases of signals in a
complementary manner, i.e. specifically, the phases of Ag; to Ag, were 45 -45< 45%
and -45< respectively. As predicted in Section 3.2 [57, 58], both of these two phase

arrangements (i.e. synchronized and complimentary) satisfy the phase matching
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condition, leading to the same and maximized G/CE profiles in Fig. 3.11. Most
importantly, however, as far as the objective of the present investigation, in terms of
the HOFWM suppression, high extinction of the HOFWM was achieved when the
signals’ phases were managed in the complementary setting (see the blue curve in Fig.
3.11), and especially so for the central term at 1549.3 nm, where the signal to HOFWM
extinction ratio was improved by more than 20 dB. Note that, the phase values for
suppression of the central HOFWM tone was found by intensive simulations.
Stemming from the phase matching requirement [23], a complimentary phase setting
of #135<reproduces the successful suppression in Fig. 3.11, with the pumps’ phases
setto 0<

As implied by Eq. 3.7, all the optical fields in the mixer participate in the
(total) field evolution. In particular, FWM will occur between any four optical
frequencies if they satisfy the energy equilibrium, either supplementing power to or
absorbing power from each other, as determined by the phase matching condition.
Take the MI between P4, S;, and S, as an example, pump power will be transferred to
the signals, and thus a positive power contribution to each signal, while a negative
power flow for the pump. Regarding the central HOFWM term (at 1549.3 nm in Fig.
3.11), there are 25741 FWM interactions in total between the 263 optical waves
affecting its power evolution along the simulated mixer. In order to analyze the
suppression principle, the central tone was decomposed into these 25714 FWM
interactions based on Eg. 3.7 and energy relations. In particular, all the FWM
interactions associated with the central HOFWM tone were categorized by the power

transfer direction. One group of the FWM products corresponds to the positive power
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contribution alimenting the power into the central tone (positive power flow), whereas
the other group consists of the products characterized by a negative power evolution
that decreases the power of the central HOFWM tone (i.e. the negative power flow).
To demonstrate the power evolution of the central tone under the phase
complimentary (#5< 4MPS scheme, the FWM interactions classified as positive
flow were power summed together at each simulated fiber position (there are 12853
positively flowed interactions at the final simulation step of the parametric mixer),
shown as the red solid curve in Fig. 3.12, so as to the other group of the FWM
interactions for negative flow, which was depicted as the blue solid curve in Fig. 3.12.
While the total power of the central tone is the sum of these two groups, shown as
black solid curve. In contrast, the dashed lines represent the case with synchronized
phase setting (same as the red curve in Fig. 3.11), demonstrating that the positive flow
contributes 0.82-dBm power into the central HOFWM tone, which, meanwhile, loses

0.79-dBm due to the negative power flow (blue dashed line).
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Figure 3.12 Power flow of the central HOFWM term at 1549.3 nm under phase synchronized
and complementary settings. Red curves: evolution of the total positive power flow, blue
curves: evolution of the total negative power flow, black curves: evolution of total power of
the central HOFWM term. Solid curves: phase complementary setting, dashed curves: phase
synchronized setting.
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Fig. 3.12 also presents the quantized power evolution of the complimentary
#45° case (solid lines), having positive contribution of -22.055-dBm (red solid),
whereas the negative flow dissipates -22.0553-dBm away from the central tone,
resulting in a total power of -64 dBm at the output. Here, the total power at the output
of the parametric mixer and the positive and negative power flow components were all
marked in Fig. 3.12. We note that the complementary phase setting of the signal waves
not only effectively reduces the efficiency of the HOFWM effects, but also causes the
negative power flow to be balanced by the positive power contribution, making the
total power of the central tone (black solid curve) to become negligible (i.e. -64 dBm,
see the central ditch of the blue curve in Fig. 3.11) along the mixer. We note that the
above analysis that constitutes the reasoning behind the adopted method, strongly
implying the successful mitigation of the HOoFWM in the 4MPS parametric
multicasting.
3.6.2 Experimental implementation and results

We next proceed to the experimental implementation of the proposed scheme
for the HOFWM suppression. The corresponding architecture and parameters have
been presented in Fig. 3.4 and 3.5, consisting four partitions: coherent wave creation,
pump recovery, parametric mixer and DPLL. The experimental results cover two
modes of operation of the 4MPS multicaster: (i) moderate input signal power; and (ii)
high input signal power. Whereas the first set of results covers the multicaster in its
most practical, and also widely used mode of operation. We additionally, investigated

the PS operation in the elevated input signal power regime.
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Figure 3.13 Experimental spectra comparison between PS and Pl multicasting. Red curve: PS
scheme with phase setting A. Blue curve: Pl scheme.

As an introductory example of the experimental spectra, Fig. 3.13 contrasts the
obtained spectra at the output of the parametric mixer in the PS and Pl operation
regimes. In blue shown is the PI setting, where only an input signal at 1550.1-nm with
-18-dBm power was extracted by the OP and the multicasting G/CE did not depend on
the input signal phase. In contrast, the stabilized PS spectrum is shown as the red
curve in Fig. 3.13 (with each input signal still maintained at -18 dBm). As predicted
by theory, a 12-dB G/CE improvement between the PS and PI spectra was observed
(see Fig. 3.13) by managing the phases of signals (i.e. 1546.9, 1548.5, 1550.1 and
1551.7 nm) as 3, 2.7, 2 and 3 rad, respectively, in the OP (i.e. the phase setting A). We
note that the spectra in Fig. 3.9 and Fig. 3.13 both present the maximum G/CEs, but
were achieved with different phase arrangements, further confirming the multicasting
G/CE profile is dictated by the phase matching condition.

In practical terms, the phase values in the setting A do not convey any
information about the relative phase relation between the four signals. In fact, they

only manifest the relative phase change of each individual signal by the OP. Due to
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the absence of the information about the relative phase relation between the six waves,
the observed results for neither the phase synchronized, nor the complementary
settings could be (and ought to be) intuitively related to the simulations’ predictions.
However, the phase setting A, with some abuse of notation, can still be considered as a
synchronized phase setting, since both the signal copies and HOFWM terms had
maximized output power that were obtained by trial and error sweeping the signal
phase combinations in the OP. In particular, the relative phase of each signal was
individually controlled by the OP, with the signal power equalization maintained.
Meanwhile, the phases of the two pump waves were manipulated by the DPLL to
achieve the stabilized multicasting G/CE. Specifically, the DPLL tracked and
compensated for the phase variations, and consequently maintained a constant relative
phase relation between the six waves and thus stabilized the multicasting output power
[57, 61]. Most prominently, however, note that the elevated gain associated with the
PS operation does come at a price of a significant nonlinear crosstalk or interference,
as revealed by the strong HOFWM terms in between the signal/idler tones (see the

spectrum shown in red in Fig. 3.13).
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Figure 3.14 Experimental spectra of PS multicasting with each input signal power of -18 dBm,
showing HoOFWM suppression by signal phase manipulation. Red curve: PS scheme with
phase setting A. Blue curve: PS spectrum with phase setting B.
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As shown in Section 3.6.1, certain optimized phase combinations for six input
waves do exist, for which the maximized G/CEs are maintained over the entire
multicaster bandwidth, while the HoFWM tones are simultaneously effectively
suppressed. The HoOFWM-suppressed operation of the PS multicaster from Fig. 3.13 is
shown in Fig. 3.14. The latter figure shows two PS spectra with equal input signal
power (-18 dBm for each signal) and multicasting output G/CEs, with the red curve
corresponding to the case with the phase setting A for the input signals (same as the
red curve in Fig. 3.13). In contrast, the multicasting with the phase setting B (shown as
blue curve in Fig. 3.14) was obtained by setting the signals’ phases to 1.5, 6, 2.0, and
2.8 rad, respectively, in the OP, which was attained by trial and error phase sweeping
as well. Specifically, phase sweeping of one single signal for maximizing multicasting
G/CE was implemented first [57, 61], whose maximum output spectrum was
employed as a benchmark for subsequent optimization. Next, the phases of all the
involved modes (four signals) were optimized simultaneously and compared with the
benchmark to obtain the highest G/CE, and additionally the HOFWM suppression was
inspected to attain phase setting B. Note that, the phase setting B generated the 4AMPS
multicasting with negligible HOFWM terms over the entire 100-nm bandwidth. In
particular, the maximum HoFWM suppression ratio obtained amounted to 12-dB for
the central tone at 1549.3 nm.

In addition to the continuous wave (CW) (i.e. unmodulated) input operation
considered above, we also verified the successful operation of the introduced method
for modulated signals. Specifically, the HOFWM suppression method can potentially

be used in microwave photonics applications requiring both utmost signal integrity
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retention, as well as efficient bandwidth utilization. For example, in a comb-based
filterless channelizer [19], the HOFWM tones cause ICI and thus degrade the
sensitivity of the detection and performance. Therefore, in the latter application, it is
imperative that the modulated signals induced HOFWM terms be eliminated. To
demonstrate the effectiveness of the introduced technique, the HOFWM suppression
was applied to the PS multicasting with analog microwave modulated input optical
signals, namely millimeter-wave signals at 40-GHz and 50-GHz were amplitude
imprinted onto the optical signal waves by a Mach-Zehnder modulator (MZM), while

the optical signal waves were phase-managed as phase setting B.
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Figure 3.15 Experimental spectra of PS multicasting with high speed data modulation, where
HoFWM tones were thoroughly suppressed under phase setting B. Red curve: Synchronized
phase setting A, no analog signal modulation. Blue curve: Phase setting B, 50-GHz analog
signal modulation. Green curve: Phase setting B, 40-GHz analog signal modulation.

The corresponding output spectra are shown in Fig. 3.15, plotted in green and
blue, respectively, whereas the result from Fig. 3.14 with the phase setting A and no
amplitude modulation is shown in red, for comparison. As seen in Fig. 3.15, and in
comparison to the reference red line (i.e. the case with phase synchronized setting A
and no amplitude modulation), the HOFWM terms have been effectively suppressed
by phase manipulation in a specific manner (e.g. phase setting B), as recognized by the

absence of parasitic interfering tones. The last result attest to the suitability of the
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proposed approach for modulated input signals and specifically for micro-wave
channelization devoid of parasitic interference.
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Figure 3.16 Experimental spectra of PS multicasting with each input signal power of -12 dBm,
where the fully eliminated HOFWM tone has 22-dB suppression ratio, but in limited
bandwidth. Red curve: PS spectrum with phase setting A. Blue curve: PS spectrum with phase
setting B.

In addition to the conventional operation of the PS multicaster examined in the
previous section, we also investigated the effectiveness of the proposed method for
suppression of the HOFWM effects with high input signal powers. For a reference,
note that in the former case shown in Fig. 3.14, the 12-dB HOFWM suppression ratio
has been observed for the central HOFWM tone(s). With the power of each input
signal increased to -12 dBm and the phase setting B employed, the suppression ratio
for the central HOFWM copies (1549.3 and 1552.5 nm) was increased to 22 dB, as
shown in Fig. 3.16 Inset. However, in addition to the stronger HOFWM suppression in

the central region, in the case of stronger input signal power, as observed in Fig. 3.16,
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the suppression of the distant spectral copies becomes spectrally non-uniform and is
reduced to only about 3-dB level at the output spectrum extremities.

Note that, bandwidth selectivity in the HOFWM suppression has been predicted
by the simulated spectra in Fig. 3.11 and is attributed to the phase matching conditions
chromatic variation from the central tones to the multicaster emission edge [57].
Furthermore, although the signal power is increased from -18 dBm to -12 dBm and is
referred as the high power condition, the difference in phase rotation induced by the
signals” SPM and XPM is still negligible compared to those inflicted by the pumps’.
Consequently, the HoFWM suppression has been accomplished by employing the
same phase setting in both Fig. 3.14 and Fig. 3.16.

While a significant suppression variation is certainly undesirable for a wide-
band operation, the HOFWM suppressed window can be easily translated across the
emission spectrum by a proper input tones’ manipulation, as predicted in Fig. 3.11.
The tunability of the HoFWM suppression region by phase manipulation is
demonstrated experimentally in Fig. 3.17, including the phase values for each case
shown above each of the subplots. As can be seen, a phase change of 0.1-rad can

significantly influence the output spectrum.
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Figure 3.17 Tunability of HOFWM suppression from 1533 to 1568 nm. Red curves: PS spectra
with phase setting A. Blue curves: the signals' phases are optimized to maintain G/CEs and
suppress HOFWM for different wavelengths.

In particular, the tunability of the interference high order tones’ suppression
from 1533.3 to 1568.6 nm is demonstrated with more than 14-dB suppression ratio for
each input signal power of -12 dBm, with the phases of the signal waves’
appropriately set for suppression of the HOFWM tones at selected wavelengths,
without compromising the signals’ G/CE. The maximum suppression ratio of 22 dB is
shown in Fig. 3.17(e) around 1549.3nm, while the variation of the suppression ratio is
attributed to the fiber dispersion profile. We emphasize that the HOFWM cancellation

in each of the cases shown in Fig. 3.17 was realized with different settings of signal



S7

phases while the DPLL was operated with a 3-kHz bandwidth, tuning the phases of the
pump waves, firstly to maximize the G/CEs, and then to maintain the relative phase

relations between the pumps and signals for multicasting power stabilization.

3.7 Ultra-low noise wavelength multicasting

Section 3.1 introduces the basic principle of PS process, identifying its
capability of noiseless amplification for the one-pump two-mode PS amplifier. To
accomplish the noiseless wavelength multicasting, the dual-pump driven parametric
mixer needs to be operated in the 4MPS mode, requiring four input optical waves
present at the input with two pumps, as demonstrated in Section 3.2. In addition, the
AMPS wavelength multicasting demands strict phase manipulations, in order to
achieve the 12-dB G/CE improvement compared to the Pl case. Here, in this section,
the investigation on the 4MPS wavelength multicasting is furthered, to validate its
ultra-low noise performance theoretically and experimentally.

3.7.1 Numerical simulation in one-stage fiber mixer

Previous sections have demonstrated that the 4MPS multicasting possessing a
12-dB G/CE improvement compared to the Pl case, stemming from the constructive
coherent field combinations. In contrast, the incoherent noise associated with the input
four signals is only power-accumulated to 6-dB increase. Mathematically, the output

SNR of the 4MPS multicasting can be expressed as

2
_ _ (R16Gp/Pyp) Pso
SNRout —_ 2 s ho == 4% 38
4R*16Gp P (4Gpry)
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Consequently, the theoretical NF of the 4MPS wavelength multicasting is -6 dB,

2
assuming the NF is defined based on one input signal (SNR;,, = 423:;"),”, = %’7 in Eq.
2

N

2.17). However, a more rigorous NF definition relying on the combined power of the
four input signals was utilized in this dissertation (i.e. 4SNR;,), leading to a

theoretical 0-dB NF for the 4MPS wavelength multicasting.

Gain and NF (dB)

0 100 200 300 400 500 600
Fiber Length (m)

Figure 3.18 Simulated gain and NF evolution in the single stage fiber mixer.

The noise performance of the dual-pump driven Pl wavelength multicasting
has been numerically simulated in Section 2.4, presenting a quantum limit NF of 6-dB
due to the localized noise coupling in the normally dispersive mixer. In comparison to
Section 2.4, the noise evolution of the 4MPS multicasting in the 600-m dispersion
flattened HNLF was numerically calculated and presented in Fig. 3.18, where the
single stage HNLF had the same simulated parameters as in Section 2.4. In contrast,
instead of one input signal wave (see Section 2.4), four signals at 1546.9, 1548.5,
1550.1 and 1551.7 nm were combined with two pumps and launched into the one-
stage fiber. As predicted in Eq. 3.8, the central 20 signal copies have a 12-dB G/CE

improvement compared to Fig. 2.7, stemming from the coherent filed summation.
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Most importantly, the NFs of the central 20 signal copies converged to ~1-dB,
implying the ultra-low noise wavelength multicasting enabled by the 4MPS
architecture.
3.7.2 Experimental characterization on NF and BER performance

To experimentally investigate the noise performance of the parametric mixer
based 4MPS multicasting, NF, defined with continuous and shot-noise limited input
signal wave(s), was evaluated for each output channel. Fig. 3.4 and Fig. 3.5 show the
experimental configuration of the dual-pump driven parametric multicasting, and in Pl
case, only one input CW signal (at 1550.1 nm) was combined with co-polarized two
pumps and launched into the parametric mixer. At the multicasting output, a specific
signal copy was extracted from the major port of the parametric mixer by a narrow
linewidth filter, and then detected by a photodetector (P ) with high responsivity
(Linear Photonics MPR0020). The electrical noise component was separated from the
DC by a bias-T, with the PSD (S,,,;) measured by an electrical spectrum analyzer
(ESA). Whereas the DC (1,,,) component of the received signal copy was calibrated
by a current meter (Agilent 34401A). Correspondingly, the expression for NF of each
output channel under the PI case is

NF = L 4 EnlSout—Si) 3.9
G 2hvi

out
where G is the G/CE of the replicated signal, h is the Plank constant, v is the center
frequency of the received signal copy, P;, is the optical power of the input signal at

1550.1 nm. Here, we note that the RIN subtraction method [62] was utilized for

calculating NF, denoted as S;,, in Eq. 3.9.
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In contrast, there are four phase-correlated input signals for the 4MPS
multicasting, and therefore the aforementioned RIN subtraction method for NF

measurement should be modified as followed:

1
G 2hvIZ,,

NF = 4[ + Ml 3.10
where a factor of 4 is stemming from the fact that the NF for PS operation is defined
based on the combined power of four input signals. While a calibrated factor of r in
Eqg. 3.10, i.e. the PS scheme induced CE improvement, scales the RIN subtraction due
to the multi-mode input waves under the PS operation.

Relying on the experimental implementation in Fig. 3.4 and Fig. 3.5, and the
NF calculation method, the NFs of the central 17 multicasted signal copies under the

Pl and PS operations were calibrated with the RIN subtraction method [62, 63], and

shown as blue and red curves, respectively, in Fig. 3.19(b).
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Figure 3.19 (a) G/CE comparison between the 4MPS and P1l wavelength multicasting. (b) NF
comparison.

Regarding the PI wavelength multicasting, the lowest NF over 17 replicas was
8.15 dB. Here, we consider the discrepancy of the PI NF from the quantum limit NF of

6-dB primarily results from the Brillouin scattering limited mixer length and its
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induced inadequate localization of noise coupling. In contrast, as theory predicts, the
4AMPS wavelength multicasting offers 6-dB NF benefit, as clearly demonstrated in the
red curve of Fig. 3.19(b). Note that the lowest NF of 2-dB corresponds to the signal
wave at 1548.5 nm; whereas regarding the newly generated replicas, the lowest NF is
2.85 dB at 1553.3 nm. Most importantly, there are 7 copies having NFs lower than 3
dB, and additionally, all the 17 replicas possess lower than 6-dB NFs. To the best
knowledge of the authors, our demonstration reports the lowest NF and the highest
copy number for wavelength multicasting. Note that all the PSDs were measured by
the ESA at frequency of 3.37 GHz with resolution of 8 MHz and visual bandwidth of
3 Hz, and averaged over 64 iterations. The NF measurement errors (<20.5 dB) were
calculated by differentiating Eg. 3.9 and 3.10, as illustrated by the error bar in Fig.
3.19(b). In addition, the optical G/CE profiles of the Pl and 4MPS multicasting were
summarized in Fig. 3.19(a), further confirming the 12-dB G/CE improvement induced
by the 4MPS process.

To corroborate the tremendous advantages of the 4MPS parametric mixer, the
wavelength multicasting was evaluated by BER measurements. Specifically, instead of
being CWs, the input four optical signals were amplitude imprinted by a 10-Ghit/s
non-return-to-zero (NRZ) on-off keying (OOK) data sequence by a MZM. Fig 3.20(a)
presents the corresponding experimental architecture for the BER assessment. A
specific signal copy was derived from the parametric mixer output by a wavelength
division multiplexer (WDMer). Subsequently, the received optical power of the
detected signal was pre-amplified by an EDFA with NF of 4.5-dB to obtain sufficient

detected power on PD.
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Figure 3.20 Experimental architecture of characterizing BER performance. (a) PS/PI
parametric mixer. (b) EDFA benchmark.

Fig. 3.20(b) shows the experimental implementation of a comparison
benchmark, where a single signal amplification at 1550.1-nm was evaluated by the
same BER receiver. Specifically, instead of the parametric mixer, an EDFA
(characterized by a NF of 4.1-dB) was utilized for single signal amplification, where
pump recovery and DPLL was off. The corresponding BER performance was
demonstrated in the black solid curve in Fig. 3.21. Here, the total power of the input
optical signal(s) into the parametric mixer (or EDFA for single channel amplification)
was maintained at -34 dBm, implying that the power of each input signal for PS
operation is -40 dBm. We note that the presented BER curves were selected based on

the availability of the WDMer.
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Figure 3.21 BER performance comparisons between the 4MPS and Pl wavelength
multicasting over eight multicasted signal copies from 1543.7 to 1559.7 nm.

Fig. 3.21 compares the BER curves of eight multicasted signal channels under
the Pl and 4MPS scenarios, illustrating the PS operation has a 1.9-dB receiver
sensitivity improvement compared to the single channel (at 1550.1 nm) amplification
by the EDFA. Moreover, multiple channels were successfully replicated with
significantly improved BER receiver sensitivity compared to the EDFA, as

demonstrated in Fig. 3.21.

3.8 Summary

Relying on the dispersion managed fiber mixer, the 4MPS wavelength
multicasting in unsaturated gain regime was thoroughly investigated in this chapter.

Theoretical analysis, including mathematical derivation and numerical
simulation, supports the dispersion-managed fiber mixer as an efficient wavelength
multicaster, and the wavelength multicasting with the 4MPS architecture having
noiseless performance.

Experiments with stabilized and maximized G/CE were implemented by a

DPLL and phase manipulation. In particular, the HOFWM effect can be effectively
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mitigated by the phase management, with the maximized G/CE maintained. Most
importantly, experimental characterization on NF and BER performance validated the
ultra-low noise wavelength multicasting operated in the 4MPS architecture. Record
performances of wavelength multicasting were reported in this chapter.

Chapter 3, in part, is a reprint of the material as it appears in Optics Express in
the article authored by Lan Liu, Zhi Tong, Andreas O. J. Wiberg, Bill P.-P. Kuo,
Evgeny Myslivets, Nikola Alic and Stojan Radic, “Digital multi-channel stabilization
of four mode phase sensitive parametric multicasting,” vol. 22, no. 15, pp. 18379-
18388 (2014). The dissertation author was the primary investigator and author/co-
author of this article.

Chapter 3, in part, is a reprint of the material as it appears in Journal of
Lightwave Technology in the article authored by Lan Liu, Andreas O. J. Wiberg,
Evgeny Myslivets, Bill. P.-P. Kuo, Nikola Alic and Stojan Radic, “Suppression of
inter-channel higher order four wave mixing in four-mode phase-sensitive parametric
wavelength multicasting,” vol. 33, No. 11, pp. 2324-2331 (2015). The dissertation
author was the primary investigator and author/co-author of this article.

Chapter 3, in part, is a reprint of the material currently being prepared for
submission for publication, contributed by Lan Liu, Zhi Tong, Andreas O. J. Wiberg,
Bill. P.-P. Kuo, Evgeny Myslivets, Nikola Alic and Stojan Radic, “Noiseless channel
cloning using four-mode phase-sensitive parametric mixer” The dissertation author was

the primary investigator and author/co-author of this article.



Chapter 4 All optical regenerative multicaster

Relying on the coherent field summation of 4MPS process, dispersion
engineered parametric mixer is fully capable of creating ultra-low noise wavelength
multicasting, as theoretically and experimentally demonstrated in previous chapters.
To accurately evaluate the noise and BER performances, the parametric mixer was
operated in the unsaturated gain regime with low input signal power to meet the shot
noise limited requirement.

In contrast, the investigation in this chapter focuses on all-optical phase and
amplitude regenerative multicaster [64, 65], working in the saturated gain regime with
high input signal power. Starting from the introduction to the basic principle and
following the numerical simulations, this chapter details the experimental

implementation and characterization of the 4MPS regenerative multicasting.

4.1 Introduction

Owing to the explosive growth of the internet traffic, lightwave systems and
networks have been propelled from research to widespread commercial deployment.
Conventionally, opto-electronic/electro-optic (OE/EQ) devices were exploited in fiber
communication and networks, performing various signal processing functions, such as
amplification and switching [66], as well as wavelength conversion [15] in the cross-
connect of the WDM networks. However, due to the limited bandwidth and restricted
transparency to modulation formats of the OE/EO conversions, all-optical signal

processing

65
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techniques are anticipated to take over the dominant positions in fiber transmissions
and networks. For example, the advent of optical amplifiers, which are being
employed periodically in fiber transmission to compensate for the fiber loss, defines
the basic architecture of all-optical communication and network. Unfortunately, the
optical amplification is achieved at the expense of adding ASE to the transmission
link, consequently increasing the amplitude and phase distortions, leading to
degradation of the received SNR. Even worse, nonlinear phase noise that results from
interaction between the amplitude noise (AN) and the fiber Kerr nonlinearity [67, 68]
is detrimental to the phase encoded systems. As a result, owing to the high speed
potential, low power consumption and flexibility in handling arbitrary modulation
formats, it is essential to exploit all-optical regenerator to alleviate the performance
degradation induced by the amplitude fluctuations and phase distortions, and
consequently to increase the capacity of fiber optic transmission.

Previously, 2R (i.e. reamplification and reshaping) regeneration, designed for
OOK signals, has been extensively investigated, relying on the nonlinear effects,
including SPM [69-71], XPM and FWM [72-74]. In particular, due to the
instantaneous response time and transparency to arbitrary modulation formats, FWM
effect in saturated mode has been developed as an exceptional amplitude limiter [72-
76]. In phase encoded systems, 2R regeneration needs to be combined with phase to
amplitude conversion [77-79], in order to remove the nonlinear phase noise. Phase-
preserving amplitude regenerator is a simpler solution [80-82], effectively mitigating
the nonlinear phase noise by reducing the amplitude perturbations. In addition, the

nonlinear phase noise can also be canceled by the post [83, 84] or distributed [85, 86]
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phase compensations. However, none of these aforementioned methods possess re-
configurability and flexibility, a necessity for an ideal all-optical regenerator. Even
worse, for example, the phase to amplitude conversion inevitably induces extra noise
in the regeneration process. Consequently, direct removal of phase noise by PS
process is desired in the prevailing phase encoded systems. Recent developments in
PS process have motivated research efforts into this direction, owing to its unique
properties of ultra-low noise amplification [28] and phase squeezing [40]. For
example, an all-optical regenerator based on dual-pump driven PS one-mode
parametric process has been successfully demonstrated [40].

In addition to all-optical regenerator, extensive research efforts have been
made to achieve various all-optical signal processing functions in last two decades,
such as optical switching [87] and wavelength conversion [13, 60, 88]. Among all
these essential components, wavelength multicaster, duplicating one incoming signal
to multiple destinations, anticipated to increase the efficiency and scalability of the
WDM network, has been introduced to contend with the growing demands of modern
communication [6]. In recent studies, owing to the great capability of creating sizable
number of signal copies, dispersion synthesized parametric mixer has been identified
as an optimal wavelength multicaster [16, 17]. In particular, the investigations on the
4AMPS wavelength multicasting with ultra-low noise performance were implemented
in the unsaturated gain regime [18, 57, 58], implying that the input signal power is low
so that the multicasting output signal power is linearly dependent on the input signal

power, whereas the pump depletion is negligible.
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In contrast, the 4MPS multicaster in the saturated gain regime is investigated in
this chapter, working as an all-optical phase and amplitude regenerative multicaster.
Specifically, PS process, amplifying one quadrature but de-amplifying the other, has
the inherent capability of squeezing phase noise [40-42]; in addition, amplitude
perturbations can be mitigated by the amplitude clamping of the saturated parametric
device [75, 80]. In other words, wavelength multicasting and amplitude/phase
regeneration were accomplished simultaneously in a single PS parametric device.
Experimental characterizations on the 4MPS regenerative multicaster were
implemented by performing measurements on BER and constellation diagrams. Most
prominently, 16 newly generated signal replicas, having the regenerative performances
and exhibiting negative BER receiver sensitivities compared to the noise degraded
input signal(s), are demonstrated to confirm the superiority of the dispersion
synthesized parametric mixer based wavelength multicasting.

This chapter is structured as follows: The basic operating principle for the
regenerative multicaster is introduced in Section 4.2, including the simulations and
corresponding results. Section 4.3 demonstrates the experimental implementation,
indicating the input signal power range for the saturation operation. Moreover, the
experimental results of the amplitude and phase regeneration over 20 multicasting
replicas (signals) are reported in Section 4.4 and Section 4.5, respectively. Finally,

Section 4.6 summarizes this paper.
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4.2 Operating Principle
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Figure 4.1 The simulated configuration in NLSE solver. Py, P,: two pumps, S; to S, four
signals, AM: amplitude modulator, PM: phase modulator, HNLF: highly nonlinear fiber,
SMF: single mode fiber. subset (a) Spectral overview of pump and signal seedings in phase
insensitive multicasting. subset (b) Spectral overview of pump and signal seedings for phase
sensitive multicasting, where the four signals possess same data modulation and noise

Statistics, @510 = Ps20 = Ps30 = Psa0 = Ppata T Prnoise

Fig. 4.1 depicts the simulated architecture of the parametric mixer. As detailed
in Section 3.2, two pumps (P; and P;) were picked at 1547.7 and 1550.9 nm, while
four signals (S; to S;) were located at 100-GHz off the closest pump. The input six
waves, ideally frequency-locked and phase-correlated to each other, were combined
and then launched into the three-stage, dispersion synthesized parametric mixer, with
the same parameters as in Section 3.2.

When there is only one input signal (spectrally offset from the center of the

two pumps, see Fig. 4.1 subset(a)), the parametric mixer is operated as a Pl device,
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possessing identical gain for both the in-phase and out-of-phase quadrature
components of the signal field.

In contrast, a four-beam operation (see Fig. 4.1 subset(b)) has been extensively
investigated in the unsaturated regime, presenting a 12-dB G/CE improvement
compared to the Pl mode, stemming from the constructive interference between
multiple optical fields. In other words, the in-phase quadratures of the multicasting
signals are amplified by g, whereas the other quadrature components experience de-
amplification by 1/g, leading to a phase-dependent multicasting G/CE profile [57] and
therefore, such scenario is referred as PS mode. Owing to the amplification and de-
amplification on the respective in-phase and out-of-phase quadratures, phase
fluctuations will be converted to amplitude perturbations, that is the so called PS
induced phase squeezing. Furthermore, the removal of the amplitude noise can be
realized by the same device, as long as the parametric multicaster is operated in the
saturation regime.

The response of the proposed parametric multicaster in Fig. 4.1 was calculated
by the NLSE solver, where the SBS and Raman scattering were neglected. Quantum
noise was modeled as an additive Gaussian white noise at the input of the mixer, with
the variance defined by half-photon PSD. The pumps were initialized as having power
of 0.6 W and phase of 0< while the power of each input signal was swept from -20
dBm to 10 dBm. Corresponding, the simulated output spectra were inspected, so as to
obtain the output replicas’ powers and the power transfer characteristic of the

parametric multicaster.
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Figure 4.2 Power transfer characteristics between output and input signals, as well as pump
depletion versus input signal power. (a) Power transfer curve for PS scheme. (b) Power
transfer curves for PI case.

Fig. 4.2(a) presents the power transfer curve between the 4MPS multicasting
output and the single input signal, as well as the pump depletion versus the input
signal power. As presented, the multicaster is operated in the linear (unsaturated)
regime when each input signal power is lower than -10 dBm, showing linearly
increasing output power with the input signal power and negligible pump depletion. In
contrast, the 4MPS multicaster is obviously operated in the saturation mode when the
signal power is higher than -5 dBm. Specifically, at single input signal power of -2
dBm, the pump depletion is more than 10 dB, while the signal output power is peaked,
implying that the multicaster has the capability of AN removal relying on the inherent
power transfer characteristics. In addition, the power transfer and pump depletion
characteristics versus the input signal power were also simulated for the Pl mode, as
shown in Fig. 4.2(b). Opposite to the PS operation, the PI multicasting is working in
unsaturated regime, indicating that the signal output is linearly changing with input
power, while the pump depletion is negligible until the signal power is higher than 5
dBm. In Fig. 4.2(a), the curves corresponding to the original input pumps (at 1547.7
and 1550.9 nm) are marked in blue and red, while the original input four signals (at

1546.9, 1548.5, 1550.1 and 1551.7 nm) are denoted as green, black, orange and
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magenta curves, respectively. Whereas regarding the Pl case in Fig. 4.2(b),only one
input signal at 1550.1 nm was shown in the orange curve. Additionally, all the grey

curves in Fig. 4.2 represent the newly generated high order pumps and signal replicas.
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Figure 4.3 (a) Simulated spectra of parametric mixer based wavelength multicasting under
4AMPS (red curve) and PI (blue curve) operation modes. (b) Expanded spectral comparison.

The simulated spectra of the 4MPS and Pl multicaster were calculated at input
signal power level of -2 dBm, as shown in Fig. 4.3(a). We note that instead of a 12-dB
G/CE improvement [57], the saturated 4MPS multicasting presents a 5 to 6-dB G/CE
improvement compared to the Pl scheme, as clearly demonstrated in the expanded
spectrum of Fig. 4.3(b). To achieve the maximum PS multicasting G/CE in the
saturation regime, the optimum phase relations between the input six waves are not as
intuitive as the unsaturated case [57]. Specifically, the depleted pumps and increased
signal powers induced SPM and XPM both give substantial contributions to the phase
rotations of the multicasting replicas, complicating the phase analysis and making the
conclusion in Ref. [57] non-adaptive here. However, due to the saturation effect, the
phase dependent property is not as critical as in the unsaturated case, and therefore, the
complex phase relation and optimum phase combination are not considered in this
section. While the phases of the input optical waves were judiciously selected based

on extensive simulations, and to obtain the multicasting spectrum with highest
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equalized G/CE in Fig. 4.3, the input waves were arranged as synchronized (i.e. 09. In
Fig. 4.3(b), we note that besides the pumps and signal replicas, the HOFWM tones
have high output power due to the increased nonlinear efficiency [58], whose analysis
is beyond the scope of this dissertation and will not be included either.

In addition to the power transfer characteristics, the regenerative performance
of the parametric multicaster was also evaluated by constellation diagrams when the
input signals were phase encoded. As shown in Fig. 4.1 (the dashed bypass following
the input signals), the four optical signals were first phase imprinted by a 10-Gbit/s
NRZ data pattern by making use of the @ phase shift of a null-position-biased AM, a
typical method for BPSK modulation. A PM, following the AM as a noise emulator,
was driven by a 5.8-GHz electrical noise source. The corresponding mathematical
expression for each input optical signal with phase modulation is denoted in Fig. 4.1
subset(b) (where @s19 = @520 = Ps30 = Psa0 = Ppata + Pnoise ), While the output
signal can be represented as (take S, as an example)

|As2| - exp(ips2)
= \/G—Po(eXp(i‘Pszo) + exp(—i@s10) + exp(—i@s30) + exp(i@sso))

= 2\/GPy COS(@pata + Pnoise) 4.1
where G and P, are the parametric gain and power of each input signal wave,
respectively, assuming the input four optical waves are power balanced and the gain
profile is equalized. @pq¢q IS the two-level quantized phase induced by the BPSK
modulation (i.e. 0 or 7). @n,ise 1S the phase perturbation generated by the noise

emulator, spectrally broadening the input signal.
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Eq. 4.1 indicates that the 4MPS multicasting output signal only exhibits two-
state quantization (i.e. 0 or m), implying amplification on one quadrature and de-
amplification on the other. In other words, phase perturbations are projected onto the

in-phase quadrature, and converted into amplitude fluctuations.

Table 4.1 Simulated constellation comparison among input signal and output signals
in the unsaturated and saturated operation

The input signal at The output signal at The output signal at
1550.1nm with PN 1550.1nm with input signal 1550.1 nm with input

perturbations power of -10 dBm signal power of -2 dBm

Table 4.1 compares the simulated constellations of the multicasted output
signals in the unsaturated and saturated cases. Here, the input signal constellation is
shown in the first column, exhibiting 260 “phase error. In contrast, the constellation of
the output signal at 1550.1 nm was shown in the second column, corresponding to the
unsaturated multicaster with the input signal power of -10 dBm. As predicted, the PS
operation converts the phase errors into amplitude perturbations, but the unsaturated
operation has no effect on clamping the AN. On the other hand, when the signal power
is as high as -2 dBm, the saturated PS operation can squeeze PN and remove AN

simultaneously, as demonstrated in the third column of Table 4.1. More prominently,
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the regenerator also works as a multicaster, and the regenerative multicasting is

demonstrated in the experimental sections.

4.3 Experimental Configuration

As demonstrated in previous chapters (e.g. Section 3.3), four modules,
including reference comb, pump recovery, parametric mixer and PLL, are constituting
the experimental architecture of the 4MPS multicasting. Relying on the same
experimental configuration, 4MPS regenerative multicaster was achieved with
increased signals’ powers, as shown in Fig. 4.4. In addition, a fifth signal processing
module was inserted into the signal path for phase encoding and signal power
amplification. Nevertheless, in subsequent experimental demonstrations, the fiber
lengths of the two pump paths, containing injection locking lasers and high power
EDFAs, were matched to the signal processing block length within 1-cm difference, in
order to maintain the coherence between the input waves.

Pump Recovery

25GHz y7|sL,
PZT,
PS1 PSZ @ S—
1 HNLF1
. E E m 9 pzT, % HNLF2
k - -
LD AM PM, PM, % Parametric Mixer
st w
Pump/Signal Seedings
_@—J /DACY
DPLL

Signal Processing

Figure 4.4 Experimental architecture for all-optical multicaster and regenerator, consisting of
five parts: Creation of pump/signal seedings, Pump recovery, signal processing, parametric
mixer, and DPLL. LD: laser diode, AM: amplitude modulator, PM: phase modulator, PS:
phase shifter, OP: optical processor, SL: slave laser, PZT: piezoelectric transducer, HNLF:
highly nonlinear fiber, SMF: single mode fiber, MICP: microprocessor, ADC: analog-to-
digital converter, DAC: digital-to-analog converter
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Figure 4.5 Experimental power transfer function of parametric wavelength multicasting under
4MPS (a) and PI (b) modes, as well as the pump depletion versus the input signal power.

To learn the input power range for the saturated operation, the power transfer
characteristics of the parametric multicaster under the Pl and 4MPS modes were
measured by step-changing the input signals’ powers, as shown in Fig. 4.5. Fig. 4.5(a)
clearly demonstrates that the saturated Pl multicaster demands high input signal power
(7 dBm). In contrast, the 4MPS multicaster is operated in the saturation regime at
much lower input power (as low as -4 dBm), stemming from the fact that the PS
constructive summation induced increased output signal power and consequently
enhanced saturation effects. The corresponding output spectra of the parametric mixer
with input signal power of 0-dBm is shown in Fig. 4.6. Specifically, as indicated in the
power transfer curves of Fig. 4.5, the 4MPS multicaster (shown as red curve in Fig.
4.6) with 0-dBm input signal power is working in the saturation mode, whereas the
corresponding Pl counterpart (shown as blue curve in Fig. 4.6) is working as a
unsaturated case. Consequently, the PS induced G/CE improvement is 5-dB at most
(less than 12 dB), as shown in the magnified spectrum of Fig. 4.6(b). Here, we note
that the stabilized phase relation (as well as constant 4AMPS multicasting output power)
was guaranteed by the DPLL, while the signals’ phases were optimized by trial and

error phase sweeping to obtain the equalized highest G/CE profile. Note that, the
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reduced HOFWM tones (see Fig. 4.6) are not considered in this dissertation, which,
however, can be reduced by optimization of signals’ phases [58, 59]. We next proceed
to the experimental details and results in Section 4 and 5, covering two functions of

the 4AMPS multicaster: amplitude regenerator and phase squeezer, respectively.
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Figure 4.6 Experimental spectra of 4MPS multicaster under saturated operation mode. (a)
entire spectrum. (b) expanded spectrum for central 20 replicas.

4.4 Amplitude Regeneration

As predicted by the power transfer characteristics in Fig. 4.5, compared to the
Pl operation, the 4MPS multicaster has the potential to enhance the AN regeneration
over multiple replicas at relatively low input signal power [64]. To implement AN
regenerator and verify the effectiveness of the regenerative performance over
multicasted replicas, the experimental configuration in Fig. 4.7 was constructed based
on the aforementioned 4MPS multicaster, and additionally was equipped with data
modulation and noise emulation for BER characterization in the signal processing
block. Specifically, in the signal processing part, the four optical signals were
amplitude imprinted with a 10-Gbit/s NRZ-OOK data pattern, instead of being
operated as CWs. Subsequently, the four input signals were further modulated by a

second AM, driven by 1-GHz-wide electrical thermal noise source, which was



78

produced as a random data sequence by an arbitrary waveform generator (AWG) and
then amplified to a specific power level. At the output of the parametric mixer, 10% of
the power was divided into the DPLL for phase optimization and power stabilization,
whereas specific signal replicas were individually derived from the rest of the output

power by a narrow-band tunable filter, and then photo-detected for BER counting.

V

Pump Recovery ‘
AM AM Parametric Mixer DPLL
. ]
/]
Postprocessing
BER/Eye

00K 1-GHz g'gna' .
Noise rocessing

Comb for
Pump/Signal Seedings

Figure 4.7 Experimental configuration for AN regeneration.

Ref. [64] demonstrated successful amplitude regenerative multicasting over 10
signal copies with two AN levels, including BER performances and eye diagrams.
Here, the AN regeneration was extended to 20 multicasting replicas (from 1534.1 to
1564.7 nm), and the corresponding BER measurements are presented in Fig. 4.8(a). To
validate the superiorities of the 4MPS multicaster, a single channel (at 1550.1 nm)
amplification was measured as a BTB benchmark for comparison. The corresponding
BER curve, shown as the dashed black curve in Fig. 4.8(a), was achieved by turning
off the powers of two pumps and three signals, and data imprinting one signal at
1550.1 nm before EDFA amplification. Additionally, when the single signal (at 1550.1
nm) was contaminated by electrical noise source through the second AM (see signal
processing module in Fig. 4.7), the BER performance was represented by the black
solid curve in Fig. 4.8(a), with 5-dB sensitivity degradation. The input AN was

calibrated by noise to signal-mean ratio (after noise modulation without data
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imprinting) in electrical domain (ENSR), corresponding to 4% in the BER

measurements of Fig. 4.8(a).
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Figure 4.8 (a) BER curves for BTB with and without the artificial AN source, and the central
20 multicasting signal copies. (b) Q factor and eye diagram comparison between the
multicasting output and input at the receiver sensitivity of -35 dBm. Q factor spectra for input
BTB condition with 4% and 5% ENSR were presented as blue and red solid curves with star,
respectively. Q factor spectra for central 20 multicasting replicas with 4% and 5% ENSR were
presented as blue and red solid curves with dot, respectively

In contrast, the BER curves of the central 20 signal copies for the 4MPS
multicaster all exhibit negative penalties, compared to the AN degraded BTB BER
curve. In particular, the central 10 copies of the 4MPS multicasting show 4-dB
sensitivity improvement [64]. Here, we note that the multicasted replicas have at least
1-dB BER penalties compared to the black dashed curve, i.e. BTB curve without
added AN, which is ascribed to the imperfect power transfer characteristics of the
4MPS multicaster (see Fig. 4.5(b)). Ideally, a step-function of the power transfer curve
is preferred for amplitude regenerator, in order to suppress the signal fluctuations in
both marks and spaces [73, 89]. However, our simulated and experimental power
transfer curves (see Fig. 4.2 and Fig. 4.5) are not in the optimal situations, leading to
residual AN and BER sensitivity degradation. Nevertheless, the 4AMPS multicaster can
effectively work as an AN regenerator over 20 signal copies. An elevated AN level

(i.e. 5% ENSR) has been tested in [64], where the 4MPS multicaster (over 10 signal
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copies) possesses more than 6-dB receiver sensitivity improvement compared to the
AN perturbed BTB.

Furthermore, the corresponding Q factor spectra of the 4MPS multicasting,
assessed at the receiver sensitivity of -35 dBm, were summarized in Fig. 4.8(b). With
the input noise level of 4% ESNR, the corresponding Q factor is 5.1 dB, shown in blue
star curve. In contrast, the central 10 multicasted replicas exhibit more than 1-dB Q
factor improvement (the solid blue dot curve).

In addition, the input and output Q factors of the 4MPS wavelength
multicasting with 5% ESNR are represented in red curves, exhibiting more than 1-dB
difference as well. Moreover, two eye diagrams for the newly generated replica (at
1553.3 nm) and BTB input (at 1550.1 nm) are compared in Fig. 4.8(b), in order to

visually confirm the superiority of the 4MPS regenerative multicaster.

4.5 Phase Regeneration
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Figure 4.9 Experimental configuration for 4AMPS multicaster as a phase noise regenerator.

The measurements on squeezing PN, having the same experimental structure
as the AN regeneration, were implemented as shown in Fig. 4.9. However, the data
imprinting AM in the signal processing block was biased at null position (instead of

the quadrature position) and driven by a 10-Gbit/s pseudorandom binary sequence
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(PRBS) NRZ data to achieve differential phase-shifted keying modulation format. A
PM followed and was exploited as a PN emulator, modulated by an AWG-generated
and amplified 5.8-GHz random data sequence. Subsequently, the optical signals were
amplified to certain power level (the power of each input signal was 0 dBm), allowing

the multicaster to be working in the saturation mode.
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Figure 4.10 (a) The BTB BER curves without and with PN are shown in black dashed and
solid curves, respectively. The colorful solid curves represent the BER curves of the central 20
signal copies, characterizing the 4MPS multicaster performance as a phase regenerator, where
the phase error amounted to #50< (b) Red curve: Q factor corresponding to the received
central 20 signal copies at the receiver sensitivity of -37 dBm. Blue curve: the corresponding
receiver sensitivities at BER of 10 (error-free detection) for the central 20 multicasting
copies.

The phase regeneration was characterized by BER performance, Q factor and
constellation diagram analysis. Fig. 4.10(a) presents the BER performance over 20
multicasted replicas, where the BTB curve was measured for single signal
amplification (at 1550.1 nm) under the same circumstances as in Section 4.6 (pump
recovery and DPLL were turned off, while the parametric mixer was substituted by an
EDFA). The extent of the phase errors was manipulated by controlling the electrical
amplifier output power into the PN modulator (i.e. the power of the 5.8-GHz electrical
noise source). Correspondingly, the phase perturbations on the optical signals

amounted to #50°[65], induced receiver sensitivity degradation by as much as 9.5 dB,
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shown as the solid black curve in Fig. 4.10(a). In contrast, the 4MPS multicaster
successfully squeezes the phase noise by selectively amplifying one quadrature and
de-amplifying the other. Consequently, phase noise was transferred to amplitude
perturbations, which were effectively suppressed by saturation effect. Fig. 4.10(a)
shows the BER performance of the central 20 signal copies with at least 4.5-dB BER
sensitivity improvement, whose corrected constellations have been evaluated in Ref.
[65]. Here, the Q factors over 20 multicasted signal copies and input signals were
analyzed and compared at receiver sensitivity of -37 dBm, exhibiting a maximum 2-
dB Q factor improvement (at 1553.3 nm). Additionally, there is at least 0.6-dB
correction over 20 multicasting replicas. The corresponding error-free receiver
sensitivities were also summarized in Fig. 4.10(b), comparing the regenerative
performance of the central 20 multicasted replicas, as well as validating the 4.5-dB

receiver sensitivity improvement induced by the PN regeneration.
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Figure 4.11 (a) The BTB BER curves without and with PN are shown in black dashed and
solid curves, respectively. The colorful solid curves represent the BER curves of the selected
eight signal copies, characterizing the 4MPS multicaster performance as a phase regenerator.
(b) The corresponding constellation for input signal with 3650 “phase errors.
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Figure 4.12 (a) The BTB BER curves without and with PN are shown in black dashed and
solid curves, respectively. The colorful solid curves represent the BER curves of the selected
eight signal copies, characterizing the 4MPS multicaster performance as a phase regenerator.
(b) The corresponding constellation for input signal with 260 “phase errors.

Furthermore, the BER performances and constellation diagrams were also
evaluated at elevated input noise levels. The input BTB signal with increased phase
perturbations, corresponding to 260 <constellation in Fig. 4.11(b), was represented as
the black solid curve with an error floor in Fig. 4.11(a). In contrast, eight multicasting
copies, including the amplified input signal (at 1550.1 nm) and the newly generated
copies (in the middle and extreme edge of the multicasting spectrum), were derived
from the narrow bandwidth filter individually and assessed for the BER performance,
possessing error free detection and more than 6 dB sensitivity improvement compared
to the PN degraded input signal.

The noise level was even increased to phase perturbation of #75< as presented
by the constellation diagram of the input signal (at 1550.1 nm) in Fig. 4.12(b). Fig.
4.12(a) shows the BER characteristics of the selected 4MPS multicaster replicas,
exhibiting a reduced detection error floor. In other words, the 4AMPS multicaster still

has detection improvement compared to the PN degraded BTB BER curve. To
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visually validate the regenerative performance of the 4MPS multicaster, the output

suppressed constellations were summarized in Table 4.2.

Table 4.2 Constellation comparison for the 4MPS multicasting output replicas at
selected wavelengths

Multicasting output at Multicasting output at Multicasting output at

1550.1 nm 1553.3 nm 1556.5 nm

4.6 Summary

In this chapter, the parametric mixer based 4MPS multicaster has been
investigated as an efficient means for all-optical regeneration. Relying on the
mathematical derivations and simulations, we have theoretically presented that the
phase errors were squeezed into amplitude fluctuations by the phase dependent
amplifications and de-amplifications, while the amplitude perturbations were further
regenerated by the power transfer characteristics of the parametric effect.

Experiments on amplitude regeneration over multiple multicasted signal copies
were successfully implemented based on the 4MPS multicaster. The corresponding
BER performances, Q factors and eye diagrams with two AN levels were evaluated to
validate the amplitude regenerative multicaster. Furthermore, the 4MPS multicaster

was also experimented with BPSK signals, and characterized by BER curves and
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constellation diagrams, presenting successful phase squeezing even with input phase
error of 275< Most prominently, this is the first experimental demonstration of an all-
optical regenerative 4AMPS multicaster, producing over 20 signal replicas.

Chapter 4, in full, is a reprint of the material currently being prepared for
submission for publication, contributed by Lan Liu, Eduardo Temprana, Vahid Ataie,
Andreas O. J. Wiberg, Bill. P.-P. Kuo, Evgeny Myslivets, Nikola Alic and Stojan Radic,
“All optical wavelength multicaster and regenerator based on four-mode phase-sensitive
Parametric Mixer.” The dissertation author was the primary investigator and author/co-

author of this article.



Chapter 5 One-mode and three-mode phase sensitive

wavelength multicasting

Dual-pump driven dispersion synthesized parametric mixer has been identified
as an efficient method for wavelength multicasting. Relying on the 4MPS architecture,
the ultra-low noise performance of the wavelength multicasting has been theoretically
and experimentally demonstrated in Chapter 3. In addition, Chapter 4 discusses the
all-optical phase and amplitude regenerative multicasting based on the saturated 4MPS
parametric mixer.

To further corroborate the superiorities of the PS multi-mode operation,
degenerate one- and three-mode PS parametric multicasting were numerically and
experimentally compared in this chapter, in terms of phase manipulation and G/CE, as

well as noise performance.

5.1 Introduction

The PS process, amplifying the in-phase quadrature but de-amplifying the out-
of-phase one, has gained substantial attention in recent years. Relying on such phase
dependent property, considerable research efforts have been made towards
accomplishing noiseless amplification [27, 28] and phase squeezing [40, 90]. In
particular, most of the reported PS experiments have been achieved by nonlinear
parametric effects, relying on XZ [27, 90] and X3 [28, 40] nonlinear platforms.
Specifically, the PS process superimposes the correlated photons at identical

(degenerate) or distinct (non-degenerate) wavelengths for constructive field

86
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summation, in addition to the parametric effect induced nonlinear gain, leading,
consequently, to improved SNR.

As aforementioned, the investigation in this dissertation focuses on the >
nonlinearity based dispersion-synthesized parametric mixer, in order to obtain ultra-
low noise wavelength multicasting. Dependent on the input signal wave number and
degenerate/non-degenerate configuration, the parametric multicasting can be
categorized as one-, two-, three- and four-mode, respectively. Most of these proposed
schemes have been experimentally implemented for specific interests and applications.
For example, a record low NF of 1.1-dB has been reported for FOPA, a one-pump
two-mode PS process [28]. While the 4MPS architecture has been employed in dual-
pump driven dispersion-synthesized parametric mixer for broadband wavelength
multicasting [16, 17], whose ultra-low noise performance [18] and phase squeezing
over 20 multicasted signal copies [65] have been experimentally validated in previous
two chapters.

On the other hand, due to the inherent simplicity, one-mode FOPA has been
extensively investigated. In particular, fully degenerate one-mode PS process, i.e.
pump and signal sharing the same frequency, has been theoretically discussed and
experimentally demonstrated, as shown in Fig. 2.3(a). Before the 1980s, theoretical
work has been reported, describing such one-mode PS process as potential method for
quadrature squeezing [39]. Subsequently, the experimental implementations replying
on the interferometric structures, like Mach-Zehnder interferometer and Sagnac loop,
have been reported in Ref. [91-93], certainly validating the phase dependent

amplification and quadrature squeezing. While the capability of noiseless
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amplification was experimentally confirmed by [26, 94], demonstrating a NF of 1.8
dB, lower than the quantum limit NF of 3-dB for the PI device. In addition to the ultra-
low noise operation, phase noise regeneration has been achieved by the fully
degenerate one-mode PS amplifier [42, 95]. Here, we note that the PS parametric
device not only squeezes the phase variations, but also mitigates the amplitude
fluctuations by the saturation effect, as illustrated in Chapter 4. Even though the first
experimental demonstrations of ultra-low noise amplifier and phase regenerator were
achieved by the fully degenerate configuration, the parametric gain is restricted by
quadratic profile, instead of having exponentially increasing gain. Even worse, the
interferometric configuration associated with the fully degenerate scheme is
fundamentally limited by the guided acoustic-wave Brillouin scattering.

To eliminate these drawbacks, dual-pump driven degenerate one-mode (signal
wave is spectrally positioned in the middle of the two pumps) parametric amplifier,
inherently a PS device, has been utilized as an all-optical regenerator in phase-encoded
systems [40, 96]. Experimental BER characterization on such PS one-mode parametric
process has demonstrated successful regenerative wavelength multicasting over 5
replica copies [97]. However, to fully exploit the potential of dual-pump driven one-
mode PS parametric multicasting, rigorous characterizations are dictated, i.e. NF
evaluation. Equally important, in terms of the multicasting efficiency, smart design of
the parametric mixer is demanded for high count copy number.

In this chapter, the dual-pump driven PS one-mode process was employed in
the dispersion-synthesized parametric mixer, and characterized by NF measurement

and BER evaluation. In contrast, three-mode PS multicasting is first demonstrated
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here, anticipated to possess noiseless performance over multicasted signals. In
addition, the phase relations between the input pumps and signal(s) were numerically
calculated, comparing the phase dependent properties between PS one- and three-
mode multicasting. Most prominently, nearly noiseless multicasting, relying on the
three-mode PS process, was theoretically and experimentally addressed here.

This chapter is structured as followed. Section 5.2 introduces the theory of
dual-pump driven single- and multi-mode wavelength multicasting, including
simulations and corresponding results. The experiments based on the proposed one-
and three-mode configurations were experimentally implemented, as detailed in
Section 5.3. Section 5.4 discusses the rigorous characterizations on NF and BER
performances, in order to corroborate the superiority of the multi-mode PS

multicasting. Section 5.5 summarizes this paper.

5.2 Theory

The frequency configurations of dual-pump driven single- and multi-mode
parametric processes are shown in Fig. 5.1. Fig. 5.1(a) presents the input scheme of
the Pl one-mode multicasting, where the input signal frequency is offset from the
center of the two pumps. While the corresponding 4MPS counterpart is presented in
Fig. 5.1(b). Both of these two schemes have been theoretically and experimentally [18,
57] investigated in Chapter 2 and 3, respectively. Particularly, the 4MPS parametric
multicasting features ultra-low noise performance [18] and phase squeezing properties

[65] over 20 signal copies, validating the superiorities of multi-mode operation.
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Figure 5.1 (a) Dual-pump driven Pl one-mode scheme. (b) Dual-pump driven 4MPS
configuration. (c) Dual pump driven PS one-mode configuration. (d) Dual-pump driven PS
three-mode configuration. (€) PS one-mode scheme is equivalent to the dual pump driven two-
mode case, as shown in (f). (f) Dual-pump driven two-mode configuration

Here, we further our studies on single- and multi-mode parametric
multicasting, focusing on the degenerate one- and three-mode schemes. The dual
pump driven degenerate one-mode configuration, shown in Fig. 5.1(c), has the signal
frequency located in the middle of the two pumps, i.e. wp; + Wpy = 2wy, .
Theoretically, the parametric interaction between P1, P, and S, creates a conjugated
idler at the frequency of S; (i.e. S3), leading to interferometric interference between S,
and S;. Consequently, dual-pump driven degenerate one-mode scheme is inherently a

PS process, so as to the three-mode scheme, as shown in Fig. 5.1(d).
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Previously, the noise properties of the dual-pump degenerate one-mode PS
amplifier has been simulated in depth [98], illustrating that close to 0-dB NF can be
obtained if the parametric nonlinear processes are constrained in the input three waves
(no high order pumps and signals generated). Confidently, we believe that the same
principle works for the dual-pump driven three-mode PS amplifier (without no high
order pumps and signals), since all the internal modes are occupied by the input waves
[39], and no extra noise will be introduced to the three-mode PS amplifier.

On the other hand, when the one- (shown in Fig. 5.1(c)) and three-mode
(shown in Fig. 5.1(d)) PS processes were employed in the wavelength multicasting,
HoFWM processes create high order pumps and therefore more signal replicas are
multicasted by the cascaded FWMs. Our previous investigations have indicated that
the noise properties of the high copy-count wavelength multicasting in normally
dispersive parametric mixer has a quantum limit NF of 6-dB, instead of scaling up
with the copy number (see Chapter 2). Here, the response of the PS one- and three-
mode wavelength multicasting and its noise performance were simulated by the
adaptive-step NLSE solver.

One-stage fiber mixer

First, numerical simulations were implemented in a one-stage fiber mixer,
same as the simulation in Section 2.4 and Section 3.7. Specifically, two pumps (at
1547.7 and 1550.9 nm) were initialized as having input power of 0.6 W and phase of
0< One input signal was picked at 1549.3 nm (i.e. the center frequency between the
two pumps) with power of -20 dBm and phase of 0°(S; in Fig. 1(c)), combined with

two pumps and launched into the 600-m dispersion flattened HNLF, characterized by
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a peak dispersion of -0.05 ps/nm/km and dispersion fluctuation less than 0.5-
ps/nm/km over 100-nm bandwidth. Here, we note that the pump and signal fields were
treated as classical waves, whereas the quantum noise (vacuum fluctuations) was
modeled as additive Gaussian white noise at the mixer input, characterized by a half-
photon variance. The NF was obtained by calculating the ratio between the input and

output electrical SNRs of the wavelength multicasting, as demonstrated in Chapter 2

and 3.
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Figure 5.2 Gain and NF evolution diagrams for one- (a) and three-mode (b) PS wavelength
multicasting in normally dispersive HNLF.

Fig. 5.2(a) shows the G/CE and NF evolution diagrams of the central 11 signal
copies of the PS one-mode multicasting, where the solid curves represent NFs, and the
dashed ones denote the G/CE profiles. The red dashed and solid curves correspond to
the gain and NF evolutions of the single signal wave at 1549.3 nm in the fiber mixer,
respectively. The newly generated high order signal waves’ frequencies are symmetric
to 1549.3 nm, and the symmetric pairs possess similar CE and noise performances,
which are represented in black and grey curves, respectively. Here, it is not necessary
to distinguish the specific performances of each frequency copy. Owing to the
localization effect in the normally dispersive mixer, the central 11 copies have G/CE

profiles converged to 13 dB, and possess a quantum limit NF of 3 dB. In essence, the
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signal wave in the middle of the two pumps can be considered as two waves, sharing
the same frequency (see Fig. 5.1(e)), and consequently, degenerate PS one-mode
configuration is equivalent to the two-mode PS process (see Fig. 5.1(f)), possessing a
quantum limit NF of 3 dB.

In addition, the noise evolution of the PS three-mode wavelength multicasting
was simulated under the same circumstances but with three equalized input signal
waves (at 1546.1, 1549.3 and 1552.5 nm, each having power of -20 dBm and phase of
09, as shown in Fig. 5.2(b). Correspondingly, the red curves represent the signal wave
at 1549.3 nm, while the magenta and blue curves denote the signal waves at 1546.1
and 1552.5 nm, respectively. Compared to the PS one-mode case, three-mode
multicasting has a gain improvement close to 9-dB, stemming from the constructive
field combination. More importantly, the NFs of the central copies converge to 0-dB,
implying the essential capability of noiseless amplification and multicasting.
Three-stage dispersion synthesized parametric mixer

Recognizing the advantages of the PS multi-mode multicasting, we calculated
the frequency response of the dispersion-synthesized parametric mixer based one- and
three-mode multicasting, as shown in Fig. 5.3. Here, two pumps were initialized as
having input power levels of 0.6 W and phase of 0< while one input signal was picked
at 1549.3 nm with power of -20 dBm and phase of 0< exactly the same as in Fig. 5.2.
However, instead of one normally dispersive HNLF, the input waves were launched
into the three-stage parametric mixer (105-m HNLF1+6-m SMF+230-m HNLF), as
detailed in Chapter 2 to Chapter 4. The simulated spectra of the one- and three-mode

PS wavelength multicasting are shown in Fig. 5.3, where all the input waves were
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initialized as phase of 0< i.e. phase synchronized, and no phase fluctuations are

considered.
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Figure 5.3 Simulated spectral comparison between one- and three-mode PS multicasting. Red:
three-mode. Blue: one-mode.

However, in practical terms, the input waves are subject to the ambient
induced phase fluctuations (e.g. acoustic and temperature perturbations), leading to an
instable output spectrum. Consequently, a PLL is demanded by the PS operation.
Next, we will discuss and compare the phase relations of the one- and three-mode
multicasting, resulting in different PLL implementations.

Regarding the one-mode process, to achieve the maximum multicasting G/CE,
the input three waves should satisfy the phase matching condition, as expressed in Eq.
5.1.

Op1 + Opy = 205, 5.1
Therefore, the maximum multicasting G/CE was guaranteed by the synchronized
phase arrangement, shown as the blue curve in Fig. 5.3. In contrast to the 4MPS
scheme (requiring dual-pump phase locking), PS one-mode multicasting can be
stabilized by one-pump PLL. Take another phase arrangement as an example, when

the phases of P, and S, were randomly chosen as 50770< PLL can manipulate the
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phase of P; to 90< according to the phase matching requirement. Correspondingly,
Fig. 5.4(a) shows the simulated spectrum with phase setting of 90750770 °(P1/P-/S,),
exhibiting the same G/CE profile with the phase synchronized condition (blue curve in

Fig. 5.3).
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Figure 5.4 Simulated spectra of one- and three-mode PS multicasting, with different phase
arrangements. (a) PS one-mode spectrum with phase setting of P1/P,/S,: 90/50/70. (b) PS three
mode spectrum with phase setting of P1/P,/S1/S,/S;: 90950970970970<

In contrast, three-mode wavelength multicasting has more complex phase

matching requirements, as denoted in Eq. 5.2

Opy + Opy = 205, (5.2a)
951 + 95-2 = 29131 (52b)
52 + Os3 = 26p, (5.2¢)
951 + 95-3 = 295-2 (52d)

In practical terms, the three signals are sharing the same waveguide, resulting in
constant phase relation between the input three signals (see Eq. 5.2(d)). However,
replying on one-pump PLL, only P, is phase locked to P, and S, (see Eg. 5.2(a)), but
the phase relations in Eq. 5.2(b) and (c) are not guaranteed. Again, take the phase
arrangement P1/P2/S1/S,/S3: 90750770 F770F70<as an example, Eqg. 5.2(a) is satisfied
by manipulating one-pump phase through PLL, and the simulated spectrum is shown
in Fig. 5.4(b). Compared to the spectrum with synchronized phase setting (red curve in

Fig. 5.3), the output spectrum in Fig. 5.4(b) is neither equalized nor maximized. In
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other words, the PS three-mode wavelength multicasting needs a dual-pump PLL,
same as the 4MPS case. In all the above simulations, the SBS and Raman scattering
were neglected, while the pumps and signal(s) were assumed as co-polarized for
maximum mixing efficiency.
Phase dependence of one- and three-mode wavelength multicasting

Furthermore, the phase dependent properties of the degenerate one- and three-
mode multicasting were simulated by sweeping the phase of the signal wave at 1549.3
nm, as shown in Fig. 5.5(a) and (b), respectively. Specifically, with the signal phase
(at 1549.3 nm) swept from 0=to 360<and other input waves initialized as 0< the
output spectra and output power of the central 11 signal copies were inspected.
Consequently, the phase transfer characteristic of the one-mode PS multicasting (see
Fig. 5.5(a)) is sinusoid with periodic of m rad, exactly as predicted by the phase
matching condition in Eg. 5.1. In contrast, when two more signal waves get involved,
we can find a distinct phase dependence for the three-mode multicasting, a sinusoid
trend with periodic of 2z rad, as shown in Fig. 5.5(b). Here, the red solid curves in
Fig. 5.5 represent the signal wave at 1549.3 nm. The magenta and blue curves denote
the signal waves at 1546.1 and 1552.5 nm in Fig. 5.5(b) (for three-mode multicasting),
respectively. While all the newly generated signal copies are manifested in black solid

curves in Fig. 5.5.
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Figure 5.5 Phase dependent properties of one- and three-mode PS wavelength multicasting. (a)
One-mode phase transfer characteristic. (b) Three-mode phase transfer characteristic.

5.3 Experimental demonstration

Pump Recovery

HNLF1 gye HNLF2

(@ o @

NF/BER evaluation

PM1 PM2 PM3

LD AM

Reference comb creation

Figure 5.6 Experimental setup configuration, including reference comb, pump recovery,
parametric mixer and DPLL. LD: laser diode, AM: amplitude modulator, PM: phase
modulator, PS: phase shifter, OP: optical processor, SL: slave laser, PZT: piezoelectric
transducer, HNLF: highly nonlinear fiber, SMF: single mode fiber, ADC: analog to digital
converter, DAC: digital to analog converter, MICP: microprocessor, DPLL: digital phase-
locked loop.

We next proceed to the experimental implementation of the PS single- and
multi-mode parametric multicasting. Fig. 5.6 shows the experimental architecture for
dual-pump driven parametric multicasting, consisting of four partitions.

In the first module, cascaded modulators were utilized to create an optical
frequency comb, providing mutually correlated waves, as well as defining the
frequency reference for the subsequent wavelength multicasting. Specifically, a

narrow linewidth laser at 1549.3 nm was launched into a tandem combination of one
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AM and three PMs. The driving RF tone on the modulators defines the frequency
reference comb with a 25-GHz grid. As shown in Fig. 5.7(a), the corresponding
optical reference comb with 6-nm 10-dB-bandwidth was achieved by manipulating the

AM bias and RF delays into the PMs.
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Figure 5.7 Monitored optical spectra of reference comb (a) and multicasting output (b).

Subsequent to the amplified frequency reference comb, the seeds of two pumps
(1547.7 and 1550.9 nm) and signal(s) were derived by an OP and de-multiplexed into
three fiber branches. In the signal path, one wave at 1549.3 nm was selected for
single-mode operation, whereas three waves were picked by the OP for multi-mode PS
process. In each pump path, injection locking was employed for attaining pump wave
with high SNR and output power, as well as maintaining the phase correlation
between the input waves. After further amplification to 33 dBm by high power EDFA,
the pumps were combined with the co-polarized signal(s) and launched into the
parametric mixer.

As reported in the previous chapters and analyzed in Section 5.2, to obtain
exceedingly highly efficient parametric multicasting, a three-stage dispersion-
engineered parametric mixer follows the pump recovery module. The first two stages

were a HNLF (HNLF1, characterized by a ZDW of 1597 nm, dispersion slope of
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0.018 ps/nm?/km, and nonlinear coefficient of 22 km™W™) and a 6-m SMF. The final
stage is a 230-m dispersion flatten HNLF2 with peak dispersion of -0.2 ps/nm/km.

To make the comparison between simulations and experiments clearer, several
statements need to be clarified here. First, contrary to the simulations in Section 5.2,
the SBS cannot be neglected in practice and thus the 105-m long HNLF1 was
longitudinal strained in sections with different tensions to elevate the Brillouin
threshold [45]. Secondly, the fibers utilized in the simulations have constant (non-
varying) ZDWs, differing from the experimental conditions. To compensate for the
longitudinal variation of the dispersion governed phase matching condition and
practically obtain highly efficient wavelength multicasting, different HNLF
parameters were utilized in the simulations and experiments. For example, the HNLF1
in the experiment has a global shifted dispersion profile compared to the simulation,
selected to achieve highly efficient wavelength multicasting. Finally, in practical
terms, the PS process is subject to the ambient induced phase fluctuations, resulting
from the interferometric pump recovery module. Consequently, at the output of the
parametric mixer, a small fraction of the power was utilized for phase tracking and
compensation by a PLL, as detailed in [57]. Whereas majority of the output power was
launched into the a tunable narrow bandwidth filter to extract a specific replica copy
for further postprocessing.

Fig. 5.7(b) shows the PLL stabilized experimental spectra of the one- and
three-mode wavelength multicasting. The blue curve represents the spectrum of the PS
one-mode multicasting, stabilized by a one-pump PLL. We note that the signal phase

optimization is unnecessary here, owing to the phase matching condition in Eq. 5.1
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can be satisfied automatically by the one-pump PLL. In contrast, the three-mode
multicasting spectrum, shown in red curve, having a 3-dB flatness over 12 copies and
8~9-dB G/CE improvement, was stabilized by a dual-pump DPLL [19]. In addition,
the equalized and maximum three-mode multicasting needs single signal phase

optimization, as predicted in the complex phase matching condition of Eq. 5.2.

5.4 Discussion on ultra-low noise performance

In this section, we compare the PS one- and three-mode wavelength
multicasting, in terms of NF and BER performance. As aforementioned, one-mode PS
process has been employed in the phase regenerator [98] and regenerative multicaster
[97], where the parametric device is operated in the saturation mode. In contrast, this
chapter focuses on the ultra-low noise performance of the wavelength multicasting,
and the theoretical analysis and experiments were implemented with low input signal
power, i.e. linear gain regime, in order to accurately evaluate the NF defined with shot
noise limited input signal.

At the output of the parametric mixer, a specific copy was extracted by a
narrow bandwidth filter, photo-detected, amplified and then launched into an ESA for
measuring noise PSD. The NF was calculated by the RIN subtraction method, as
detailed in [62]. Fig. 5.8 shows the experimental G/CE and NF profiles for the central
5 copies of the one- and three-mode wavelength multicasting. The G/CE profiles are
represented in blue curves, while the blue dashed curve manifests the one-mode
process, and the blue solid curve denotes the three-mode case. Here, a 8 to 9 dB G/CE

improvement can be observed, resulting from the three-fold coherent field
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combinations. Furthermore, the red dashed curve represents the NF spectrum for one-
mode multicasting. As predicted by the NF estimation in Section 5.2, the PS one-mode
multicasting has a quantum limit NF of 3-dB and the measured lowest NF for the one-
mode process is 3.6 dB. Most importantly here, the three-mode case possesses a

lowest NF of 1-dB and all the central five copies have NFs lower than 3 dB.
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Figure 5.8 Experimental G/CE and NF comparisons over 5 replica copies between one- and
three-mode multicasting. Blue dashed: one-mode G/CE. Blue solid: three-mode G/CE. Red
dashed: one-mode NF. Red solid: three-mode NF.
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Figure 5.9 Simulated G/CE and NF comparisons over 5 replica copies between one- and three-

mode multicasting. Blue dashed: one-mode G/CE. Blue solid: three-mode G/CE. Red dashed:
one-mode NF. Red solid: three-mode NF.

To further corroborate the great potential of the multi-mode operation, the
noise performance of the wavelength multicasting in the three-stage dispersion-
synthesized parametric mixer was calculated and presented in Fig. 5.9. Here, the

simulated parameters for the parametric mixer and input waves were exactly the same
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as the theoretical analysis in Fig. 5.3 (see Three-stage dispersion synthesized
parametric mixer in Section 5.2). The simulated lowest NF for three-mode scheme is
0.4 dB, and additionally, there are 15 signal copies, having NFs lower than quantum
limit NF of 3-dB. We note that the comparison between the NF diagrams in the
experiment (see Fig. 5.8) and simulation (see Fig. 5.9) manifests the most critical
result in this chapter. In the three-mode experiment, only five copies show NF lower
than quantum limit NF of 3-dB. In contrast, the simulation in Fig. 5.9, implemented
with different dispersion profiles of HNLFs, presents exceptional noiseless
multicasting, implying that dispersion engineering is essential to the noiseless
performance of wavelength multicasting. We believe that relying on more precise
dispersion manipulation in the parametric mixer, it is possible to achieve efficient
wavelength multicasting with scalable high count copy number and noiseless
performance.

While the experimental characterization on noise performance in Fig. 5.8 also
shows a discrepancy from the quantum limit NF. For example, one-mode process has
a quantum limit NF of 3-dB (see Fig. 5.2), but the lowest NF for the practically
implemented one-mode multicasting is 3.6 dB in the experiment (see Fig. 5.8), which
is attributed to the inadequate noise localization resulting from the SBS limited mixer
length.

Furthermore, the BER performance of the experimental wavelength
multicasting was evaluated at 1549.3, 1552.5 and 1555.7 nm. As predicted in Fig. 5.8,
the central copies at 1549.3 and 1552.5 nm have comparable noise performance with a

commercial EDFA, thus possessing similar BER performances with the BTB
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benchmark, measured for single signal wave (at 1549.3 nm) amplification by an
EDFA with NF of 4.1 dB. Note that the BTB benchmark (EDFA amplification) is
denoted as the black solid curve in Fig. 5.10, whereas the red (blue) dashed curve
represents the BER performance for the signal copy at 1549.3 nm (1552.5 nm) in the
one-mode PS multicasting. In comparison, the corresponding BER curves at 1549.3
and 1552.5 nm in the three-mode wavelength multicasting have a 2-dB negative
sensitivity penalty, marked as the red and blue solid curves in Fig. 5.10, respectively.
The purple dashed curve in Fig. 5.10 shows the BER performance of the signal copy at
1555.7 nm for one-mode wavelength multicasting, whereas the purple solid curve
represents the BER curve of 1555.7 nm for three-mode architecture. Due to the
degraded noise performance at 1555.7 nm, the BER curves exhibit sensitivity penalty,
compared to the signal copies at 1549.3 and 1552.5 nm. However, we still can
conclude that PS multi-mode multicasting has unprecedented performance

improvement compared to the PS one-mode case.
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Figure 5.10 BER performance comparison between one- and three-mode wavelength
multicasting. BTB is represented by the black solid curve. Dashed curves denote the one-mode
wavelength multicasting over 1549.3, 1552.5 and 1555.7 nm. Solid colored curves shows the
BER performance of the three-mode multicasting.

5.5 Summary
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Dual-pump degenerate one- and three-mode PS processes, operated in
unsaturated regime, were employed in the dispersion engineered parametric mixer.
The analysis on the input phase relations indicates that a one-pump PLL can stabilize
one-mode PS multicasting; on the other hand, a three-mode scheme requires a dual
pump DPLL, same as the 4MPS condition. Moreover, the experimental results
demonstrate ultra-low noise performance over 5 multicasted copies, and the lowest NF
for three-mode operation is 1 dB, the record low noise performance for wavelength
multicasting. While a 2-dB BER sensitivity improvement between three- and one-
mode multicasting further confirms the superiority of the multi-mode PS operation.
Most importantly, the extended simulations indicate that, relying on a dispersion
precisely controlled parametric mixer, wavelength multicasting with noiseless
performance over sizable copy number can be achieved, providing unprecedented
advantages for various applications in signal processing and commercial services.

Chapter 5, in full, is a reprint of the material currently being prepared for
submission for publication, contributed by Lan Liu, Andreas O. J. Wiberg, Bill. P.-P.
Kuo, Evgeny Myslivets, Nikola Alic and Stojan Radic, “Comparison of One- and
Three-Mode Phase Sensitive Wavelength Multicasting.” The dissertation author was

the primary investigator and author/co-author of this article.



Chapter 6 Summary and Future work

6.1 Summary

An ideal wavelength multicasting should possess compatibility to WDM
network and full transparency to arbitrary modulation formats, in addition to preserve
the integrity and SNR of the input signal over scalable high count copy number. In
contrast to the conventional technologies, demanding the output signal carriers be
externally seeded during the multicasting process, highly efficient self-seeded
wavelength multicasting can be implemented by a dispersion managed fiber mixer. In
addition to the scalable high count copy number, the ultra-low noise wavelength
multicasting based on the dispersion-managed fiber mixer operated in the multi-mode
PS architecture was demonstrated in the unsaturated and saturated gain regimes in this
dissertation.

Recognized by the broad conversion bandwidth, instantaneous response speed
and full transparency to arbitrary modulation formats, parametric effect has been
identified as an efficient means for amplification and wavelength conversion. In
particular, the advent of the multi-stage dispersion-managed fiber mixer makes the
scalable and efficient wavelength multicasting achievable. The Pl parametric
wavelength multicasting, relying on the dispersion synthesized parametric mixer, was
numerically investigated in Chapter 2. The simulation results indicated that the dual-
pump driven Pl one-mode wavelength multicasting has a quantum limit NF of 6-dB,

stemming from the localized noise coupling in normally dispersive fiber mixer.

105
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In comparison, the PS parametric process, amplifying the inphase quadrature
but de-amplifying the out-of-phase component, has gained substantial attention in
recent years, owing to its great potential in noiseless amplification and phase
squeezing. Specifically, the PS process superimposes the correlated photons at
identical (degenerate) or distinct (non-degenerate) wavelengths for constructive field
summation, in addition to the parametric effect induced nonlinear gain, leading to
ultra-low noise performance. Chapter 3 describes the basic principle of the 4MPS
parametric multicasting, followed by the investigations on the phase manipulation and
theoretical noiseless performance. Experimental demonstrations verified the feasibility
of manipulating two-pump phases for tracking and compensating for the phase
fluctuation to obtain the stabilized wavelength multicasting. In addition, one signal
phase management allows the maximized multicasting G/CE profile, while the
HoFWM terms can be mitigated by optimizing the phases of the multi-mode input
signals. Besides, experimental characterization confirmed the record performance of
the 4MPS wavelength multicasting, in terms of NF, BER sensitivity and multicasting
copy number.

The ultra-low noise parametric multicasting was enabled by the coherent signal
field combination and incoherent noise localized coupling, and therefore, the
experimental implementation requires low input signal power, i.e. working in the
unsaturated gain regime. In Chapter 4, we furthered our study into the saturated 4MPS
multicasting with relatively high input signal power. The power transfer characteristics
of the 4AMPS multicaster indicated its enhanced capability of removing amplitude

perturbations. Combined with the saturation effect enabled amplitude noise
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regeneration, the phase errors were regenerated by the phase dependent amplification
and de-amplification in the 4MPS multicaster. The experimental implementation and
record performances were reported in Chapter 4.

Dual-pump driven parametric mixer, identified as an efficient means for
wavelength multicasting, has different frequency configurations for input signals. In
addition to the Pl one-mode and 4MPS scheme presented, PS one- and three-mode
wavelength multicasting was investigated in Chapter 5, to further corroborate the

superiority of the multi-mode PS wavelength multicasting.

6.2 Future work

The dissertation has addressed the need for ultra-low noise wavelength
multicasting through the multi-mode PS parametric mixer. Nevertheless, many open
questions need to be further considered; for example, the ultimate noiseless
wavelength multicasting over sizable copy number demands more research efforts,
and the regenerative multicasting should have transparency to complex modulation
formats, such as quadrature phase shifted keying (QPSK) and quadrature amplitude
modulation (QAM). Recognizing these great potentials of the wavelength
multicasting, we propose possible future directions in this section.

First, phase management is pivotal to the PS parametric process. Chapter 3
introduced the principle and implementation of the DPLL structure, an essential
module for the stabilized multicasting. Specifically, the utilized DPLL possesses a 3-
kHz locking bandwidth, tracking and compensating for the ambient induced phase and

power fluctuations. The feasibility of the DPLL highly relies on the accessible
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hardware, including phase stretcher, real-time processor and high-voltage amplifier. In
particular, advanced real-time processor with complex algorithm would lead to a
further increase in the locking bandwidth and would allow the PS multicasting be
operating in harsh environments exposed to rapid mechanical and temperature shocks.

In addition to the phase manipulation, dispersion engineering is another
perquisite for the efficient and ultra-low noise wavelength multicasting. Chapter 2 and
3 mathematically derived the theoretical NF for the Pl and 4MPS wavelength
multicasting, indicating a quantum limit NF of 6-dB for the Pl case and noiseless
performance for the PS scheme. Particularly, numerical simulation of the G/CE and
NF profiles for the parametric multicasting has revealed that normally dispersive
mixer with localized noise coupling, combined with the PS architecture, allows the
noiseless multicasting. However, the bandwidth of the wavelength multicasting,
another important factor for the high count copy number, is also governed by the
dispersion profile. In effect, the normal dispersion induced phase mismatch reduces
the multicasting bandwidth to a certain extent. Therefore, further investigations on the
normally dispersive mixer are demanded to balance the tradeoff between the
bandwidth and localized noise coupling.

Furthermore, the experimental demonstrations on NF and BER performance in
Chapter 3 present the record-low noise performance for wavelength multicasting over
17 signal copies. However, theoretically, the 4MPS multicasting possesses noiseless
performance over high count copy number. The discrepancy between the theory and
experiment is primarily ascribed to the SBS limited mixer length and its induced

inadequate noise localization. In effect, to achieve the ultimate noiseless wavelength
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multicasting, precise and complex dispersion manipulation for the fiber mixer is
needed for simultaneous realization of broad bandwidth and noise localization. It is
conceivable that the multi-mode PS parametric mixer with advanced dispersion and
phase manipulation can potentially lead to noiseless multicasting, possessing critical
importance to wide-ranging applications in signal processing and commercial services.

To increase the transmission capacity and efficiency, advanced modulation
formats, such as QPSK and QAM, have been developed and widely employed in
commercial applications. Chapter 4 discloses the great potential of the 4MPS
parametric mixer as an all-optical regenerative multicaster. However, the proposed
implementation is only effective for BPSK modulation format. Therefore, it is
essential to design new experimental architecture for multicasting signal with
advanced modulation formats. For example, the optical frequency reference comb,
providing frequency-locked and phase-correlated pumps and signals, can be
implemented by a FOPA, instead of modulator concatenation. Specifically, phase
conjugated signals can be created by the FOPA, enabling the QPSK signal
multicasting. On the other hand, wavelength multicasting with QAM modulation
format, particularly 16-QAM, requires even more research efforts to solve the unequal
phase quantization and multi-level amplitude regeneration.

A final consideration regarding the future direction is utilizing integration
platform for practical wavelength multicasting. In this dissertation, the wavelength
multicaster is achieved by the fiber mixer, requiring precise dispersion and phase
manipulation. However, with a highly efficient integrated nonlinear platform, not only

the demands of strict phase management might be mitigated, but also it is an enabling
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technology to propel the wavelength multicasting from research to commercial

deployment.
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