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ABSTRACT

Relative Intensity Noise Transfer in Fiber Raman Amplifiers
with Multiple Coherent or Incoherent Pumps
YongMei Zhu

Fiber Raman amplifiers (FRAs) suffer from relative intensity noise (RIN) transfer
from pumps to signals. RIN transfer for FRAs with single pump to one signal was well
investigated. However, RIN. transf;er for FRAs with multiple pumps to multiple signals
has not been investi gated so far.

We used an equivalent modulation index to evaluate RIN transfer for FRAs with
multiple pumps. As such, a general RIN transfer function of multiple pumps to multiple
signals for FRAs with multiple pumps is derived. The model is verified with approximate
calculations with an analytical model. Based on the model we first investigated DC RIN
transfer including signal to signal transfer. It is shown that longer wavelength signals
suffer from a larger DC RIN transfer. Also FRAs using incoherent pumps suffer from a

larger DC RIN transfer. The full characteristics of RIN transfer are compared for FRAs in

non-pump depletion and depletion regimes.
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CHAPTER1 INTRODUCTION

In this chapter, four sections will be included. In Section 1.1, development of optical
fiber- communications is briefly reviewed and types of optical fiber amplifiers are
introduced. In Section 1.2, fiber Raman amplifiers and relative intensity noise are

described. In Section 1.3, motivations and basic ideas of this thesis are presented. Thesis

structure and main contents of each chapter are described to help understanding this thesis

in Section 1.4.

1.1 Evolutions of optical fiber and types of optical amplifiers

The first optical fiber Was invented in 1854 and practically used for medical imaging
over short distance in the 1950s [1]. However it was impossible to use for communications
because of its high-loss (around 1000dB/km).

" The first generation of fiber link operated around wavelength of 850nm, which was a
low-loss trénsmission window of early silica fiber. It was commercially available in 1980
[2]. The second generation optical fiber worked at 1300nm window where the fiber had

| lower power loss and less signal dispersion. In 1981, the bit rate limitation was overcome
by using the”single‘-mode fiber instéad of multimode fiber [3]. The third generation fiber
operated at 1500nm window since the dispersion-shifted fiber overcame the large signal

dispersion at that window [4] [5]. In 1989, the introduction of optical amplifier gave a



major boost to fiber transmission. The fourth generation has increased bit rate and
transmission length due to applications of opfical amplifiers. It avoids the complexity of
optical-electrical-optical (O-E-O) conversion, reduces the equipment cost and extends the
transmission span of the DWDM systems.

The optical amplifiers are basically divided into three types: semiconductor optical
amplifiers (SOAs), erbium-doped fiber amplifiers (EDFAs) and fiber Raﬁm amplifiers
(FRAs).

SOAs have two major sub;types: Fabry-Perot amplifier (FPA) and traveling wave
amplifier (TWA). SOAs are used as wavelength converters, optical clock and data
regenerators [5].

EDFAs make use of Erbium as a gain medium by doiaing the fiber core during the
manufacturing process [6-8]. EDFAs are used as in-line amplifiers that operate over
multiple fiber spans without expensiv_e O-E-O conversion. The broad bandwidth of
EDFAs is ideal for supporting transmission on the low-loss spectral window of
silica-based fiber.

The research of FRAs began in 1970s, but FRAs were practically used in optical
transmission system in the mid 1990s due to the developmeﬁt of suitable high power
pumps [5]. Since they have very broad bandwidth and flat on-off Raman gain using

multiple pumps or incoherent pumps, FRAs are popularly used in DWDM system now.



1.2 FRASs and their relative intensity noise

For FRAs, spontaneous. Rarﬁan scattering occurs in optical fibers when a pump-wave
is scattered by the silica molecules. It is an isotropic prbcess so it occurs in all Vdir‘ectio_ns'
[4]. When the pump power exceeds to the threshold value, the spontaneous Raman
scattering pr_‘bceSs becomes into t_he_ stimulated: Raman scattering (SRS). SRS can occur in.
both forward and backward‘directiohs in optical fibers. In the case of SRS, the incident
puinp photon gives up its energy to create another 'phdton with redu;:ed energy at a IOWer
- frequency. Then the remaining energy is absorbed by the medium in the form of optical
phonons [4]. Sob only optical pump can make the Raman amplifiers work.

Using different wavelength of optical pump can amplify signal at any range of
wavelengths so a very broad bandwidth (~100-nm) and flat Raman gain can be thained
with multiple coherent or incoherent pumps in DWDM system. That is the main advantage
of FRAs over any other types of amplifiers [9][10].

FRAs are mainly divided into two types: distributed fiber Raman amplifiers (DFRAs)
and discrete fiber Raman amplifiers (DisFRAs). The gain of DFRAs is distributed through
transmission fiber and the gain of DisFRAs occurs within discrete elements in
- transmission systems.

Since the SRS is a nonresonant process, it is inherently fast, occurring over
subpicosecond time scales [14]. Therefore, pump power fluctuations can, in principle, be
transferred to signals as noise. This noise is called relative intensity noise (RIN).' RIN ’

tranéfer‘ from a pump to a signal can be described in frequency domain [11]. For a given
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ampliﬁer working in non-depletion pump regime, RIN transfer depends on the pumping
direction, the pump and-signal wavelength, and the value of Raman gain. The following
characteristics of the fiber are relevant to Raman gain: fiber length, pump power, pump

attenuation coefficient, dispersion and dispersion slope.

1.3 Motivations and basic ideas of this thesis

It was well known -that relative intensity noise from pump fo signal degrades FRAs
- performance. According to prev‘ic_)us; investigations, when one signal is pumped by one
coherent pump, the pump laser exhibits some intensity noise and transfers this noise to the
signal.‘ So for FRAs, RIN transfer from the pump impairs the system because the intensity
noise is introduced while the signal is 'aﬁpliﬁed. RIN transfer has been investigated for
FRAs with a single pump [11] or dual-order pump [21].

Nowadays, multiple coherent pumps can make FRAs work in high capacity long haul
DWDM optical transmission systems with over 100 nm flat bandwidth [9][15-18]. Very
recently, it is found that incoherent pumps can replace multiple coherent pumps to have
better gain-flatness for a certain number of pumps [19][20]. So investigating RIN transfer
for FRAs with multiple coherent or incoherent pumps in DWDM system is practically
necessary. This thesis is focused on RIN transfer for FRAs with multiple coherent or
incoherent pumps in DWDM systems.

For FRAs with multiple coherent or incoherent pumps in DWDM systems, signal

relative intensity noise can be caused by RIN transferring from multiple pumps to the
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reference signal, from pumps to pumps and from other signals to the reference signal. In
order to explore RIN transfer for FRAs from all pumps and other signals to the reference

signal, an equivalent modulation index is proposed and derived. Then RIN transfer model

' for FRAs with multiple pumps to multiple signals is built up and verified.

1.4 Thesis structure

The structure of this thesis is described and the main contents are presented for each
chapter.

In Chépter 2, the analytical RIN transfer model for FRAs, which is with one pump to
one signal, is introduced [11]. The complex modulation indexes for multiple signals and
multiple pumps are deﬁved. Then an equivalerit modulation index is proposed and derived.
Eventually, RIN transfer model with multiple pumps to multiple signals is established.

In Chapter 3, the proposed RIN transfer model for FRAs is verified with different
cases. First the proposed model is verified with one forward or backward pump to one
signal in both non- pump depletion and pump depletion regime. Then this model with
multiple pumps is verified by using approximate calculation from an analytical method.

In Chapter 4, performance of DC RIN transfer for FRAs with multiple coherent pumps
is investigéted from three aspects: considering RIN tranSferring from indirect pumps,
different pumping schemes, and considering RIN transferring from the other signals or not.
In Section 4.1, the relafionship between DC RIN transfer and Raman gain is studied. Then

DC RIN transferring from indirect pump is analyzed. While in Section 4.2, DC RIN
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transfer foxf FRAs considering RIN transfer from other signals is compared with not
considering it. DC RIN transfer for FRAs with forward pumping scheme is compared with
backward scheme ig Section 4.3.

In Chapfer 5, an incoherent pump concept is introduced and the model of incoherent
pumé is presented in Section 5.1. While in Section 5.2, DC RIN transfer for FRAs with
different FWHM bandwidth of incoherent pumps to C+L band signals is studied. For a
certain FWHM bandwidth of incoherent pump, DC RIN transfers with different fiber
lengths, different pump power and different direction pumping schemes are compared
respectively. In Section 5.3, DC RIN transfer with coherent pumps is compared with
incoherent pumps.

In Chaptef 6, RIN transfer for FRAs is analyzed fron three aspects: with forward or
bz{ck\*rard pumping scheme, with multiple coherent or incoherent pumps and with pumps
to one or to one of C band signals. In Section 6.1, RIN transfer with multiple coherent
pumps is investigated. In Section 6.2, RIN transfer with incoherent pump is analyzed.
While in Section 6.3, performance of RIN transfer using one coherent pump is compared
with using one incoherent pump.

Chapter 7 concludes- and summarizes the contributions Qf this thesis. Then future

works relative to this thesis are proposed.



CHAPTER 2 RIN TRANSFER MODEL FOR FIBER RAMAN AMPLIFIERS

In this chapter, analytical RIN transfer model for FRAs with one pump to one signal -
and RIN transfer model with multiple pumps to multiple signals are respectively presented.
In Section 2.1, basic dynamic optical power equations, complex modulation index
equations and RIN transfer for FRAs with one pump to one signal [11] are introduced.
While in Section 2.2, complex modulation indexes for mliltiple pumps and multiple
signals based on dynamic optical power equations are derived. Then an equivalent
complex modulation index is proposed and derived. Finally the RIN transfer model is
established for FRAs with any number of coherent or incoherent pumps to any number of
multiple signals.

For RIN transfer model with multiple coherent or incoherent pumps to ﬁultiple
signals, optical nonlinearity [12] other than Raman scattering is ignored. The signal beam

is also assumed to be initially free from RIN.

2.1 Analytical RIN transfer model for FRAs with one pump
The accurate modeling of fiber Raman amplifiers is important for modern
communication system design [25]. In this section analytical RIN transfer model for FRAs
with one pump to one signal is described.
| First optical fiber as FRAs is illustrated in Figure 2.1. For forward pump, the pump is

injected into the beginning of the fiber. For backward pump, the pump is injected into the

7



end Qf the fiber.

Figure 2.1 — Optical fiber as FRAS

It is very convenient to get spatial and time dependent equations governing the
evolution of th;a continuous wave signal power and the pump power. It takes all effects
consideredi to be of interest in practical FRAs into account: attenuation, signal gain from
pump and -pump depletion by signal. The spatial and time dependent power equations for

one pump and one signal are given by [11].

OP (2,6) _ OP.(z,t |
2 (&0 ¢ @0 =, P, (2,6)~ CyP, (2:)P.(2,1) (2.13)
oz ot

iﬁaﬁz—’t—) =—a,P,(2,1) + CyP,(2,1)P, (2,1) (2.1b)
Z

The distance in the fiber length L going from the left to the right is denoted as variable z
and t is time. P, (z,t) is the spatial and time dependent pump power and P,(z,t) is the
spatial and time dependent continuous wave signal power. &, or «, is the optical ﬁber
attenuation qoeﬁ‘icients (1/m) for pump and signal respectively. The upper signs of F

correspond to the forward propagating case and the lower signs to the backward



propagating case. The Raman gain coefficient is C, = g,/4,; where g, is the Raman

gain provided by the pump at the signal wavelength and 4, is the effective cross-section

. 1
area. The parameter of d is the “walk-off”” parameter, which is given by d = 7 ¥ A [20].
s )4

To get the group velocity V; or V,, it needs group index n since V' =c/n where ¢ is
the speed of light in vacuum. The group index n is computed by the Sellmeier function [23]
n=mn,+(S,/8)- (Z — 4,21 A)* ¢, where n,is the group indéx at the fiber zero-disperéion
wavelength A, S, is the dispersion slope at 4,,and A is the pump or signal laser
wavelength.
The spatial and time dependent optical signal or pump power is given by [21]
P(z,t) = P(z) - [1+ M (z,1)] 2.2)
P(;) is the steady-.sta‘;e opticél power at location z and M(z,t) is the spatial and
temporary complex modulation index, which indicates the power fluctuations. The spatial
and temporal components of the modulation index can be separated and written as:
M(z,t) =m(z) -exp(i-€2-1) 2.3)
where sinusoidal time dependence at an angular frequency Q is assumed and m(z) is the

complex spatial modulation index. It is assumed that the complex modulation indexes are

small so that |m,|-|m, |<<1. The set of differential equations with the real and

imaginary components of the complex spatial modulation index m (z) are given as [21].

wii‘Q-d-mP(z)=—CR'PS(Z)'ms(Z) (2.4a)

Oz



om, (2)
oz

= Cy-P,(2)-m,(2) . (2.4b)

m,(z) and m(z) are éomplex modulation indexes of pump and signal. From Equations
(2.3) and (2.4), the spatial and time dependent complex modulation index M(z,t) for
pump or signal can be obtained. The complex RIN transfer H (L, Q)‘ from one pump to
one signal is defined by [21],
| M JL,Q)=H_(L,Q)-M .p (0,Q2) ’forwar}d pump (2.5a)
M (L,Q)=H_(L,Q)-M,(L,Q) backward pump (2.5b)
where M (L,Q) is the spatial and temporary complex modulation index of signal at
output location z=L; M ,(0,Q) is the spatial and temporary complex modulation index
of pump at input location z=0 for forward pump; M ,(L,Q) is the complex modulation

index of pump at input location z=L for backward pump. H o (£,€2) is the RIN transfer

with one pump to one signal.

2.2 RIN transfer model for FRAs with multiple coherent or incoherent pumps
The RIN transfer model with one pump to one signal cannot be used for FRAs with
- multiple coherent or incoherent pumps in DWDM systems. The broad bandwidth and flat
Raman gain of Raman amplifiers can be achieved with multiple coherent or incoherent
pumps for amplifying multiple signal channels simultaneously in DWDM systems. The
effects that couple signals and pumps propagating are illustrated in Figure 2.2. The

following effects aré included along with fhe capability of modeling any number of signals

10



and pumps [29]:
. Attenuation
. Raman gain pumped by signals

. Pump depletion by signals

.

Figure 2.2 - Illustration of frequency or wavelength intervals for the numerical calculation.
The entire spectral range of interest is represented (a) in wavelength and (b) in frequency
The forward or backward multiple coherent or incoherent pumps and multiple signals

interaction propagation for all frequencies v are given by,

0B (z,1) 0P (z,1)
oz + d(reference—signal)i T =- iPi (Z N3 ) 0
+P,-(Z,I‘)ZCR (v;,v)P;(z,1) ‘ O (2.6a)
J

Y .
—P,-(ZJ)ZVJ'-L'CR(VPV,-)P,-(Z,!‘) 0
7V .

£ J

for the pumps, where term d,., pco-signary; 15 the walk-off parameter between the reference

11



signal and the i-th channel pump, term O presents fiber attenuation, O is the gains from

higher frequency (shorter wavelength) pumps, 0 is the depletions from lower frequency
(longer wavelength) pumps and signals. This channel j can be signal or pump, v, or

v,is fhe frequency of the i-th or j-th channel. ¥, or V; is group velocity denoted by

subscript for different frequencies. The propagation equation is given by

EED . b - D
Oz
+ P, (Z, t) JZ'CR (vj >vi)P1' (Z’ t) ) (26b)
I
VY oy,
_P,-(Z,t)z——’-.—’f-CR(Vj’Vi)Pi(Z’t) ’
7V v

for the considered signal, term [ presents fiber attenuation, O is the gain from higher
ﬂequency (shorter wavelength) pumps and signals,. D. is the depletions from lower
frequency (longer wavelength) si ghals.
The spatial and time dependent optical powers are given by [21]
P(z,0)=P(2)-[1+M,(z,0)] @.7)
P,(z) i-th channel steady-state optical power at location z and M,(z,t) the i-th channel

temporal complex modulation index, which indicates the power fluctuations, can be

separated and written as:
M, (z,1) = m,(z)-exp(I - Q-7) (2.8)
where sinusoidal time dependence at an angular frequency Q is assumed. m,(z) is the

i-th channel complex spatial modulation index. Here I is the imaginary part of complex

12



number. It is assumed that the complex modulation indexes are small so that
|m; |-|m, |<<1. Substitution of (2.7) and (2.8) into (2.6) yields a set of differential
equations for the i-th channel steady state optical powers F,(z) and for the i-th channel
real and the imaginary components of the complex spatial modulation index m(z).

The steady state optical powers equations P,(z) are given as:

B @ _ b
+P*(2) Z (Cav,v) B @+ P ()] (2.92)
V., <Vl . V
Pz )Z—;’C ) [P @)+ P (2)]
—‘zl)i——(i)=—a.P_(z)
+P(2) Z €, [B @+ P 2)] (2.9b)
V. <Vl V V

RAC Z Ty G (BT @+ B )

P*(z) and P (z) are forward and backward steady state optical powers at the j-th

frequency channel and at the location of z;

The complex modulation index equations for backward multiple coherent or

incoherent pumps are given as the following:

a’" o 1) Zc @) [P (@) m, (2)] 0
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V>V

+ Z Cr(v;5v,) [B" (2)-m," (2)] 0 (2.10a)

_Z_. L Cov;,v) [P (2)m ()] O

J

for the considered signal. m} (z) and m;(z) are forward and backward complex spatial
modulation indexes at the j-th frequency and at the location of z. [ indicates the pumps at
the j-th frequency Fransferring its RIN into the i-th frequency signal at the location of z; [
indicates the other signals at j-th frequency, which is higher than i-th frequency,
transferring its RIN to i-th frequency signal at the location of z; O indicates the other
signals at j-th frequency, which is lower than i-th frequency, depleting the i-th frequency

signal RIN at the location of z .

- Om; (2) ‘
az 7 +IQ 'di(reférence—signal) 'mi (Z)
vi>v,
= .Ca(v;,v) [P (2)-m; (2)] 0
J
SV v
Z L L Gy, v) [P () m, (D)) 0 (210b)
J Vz v,
v/<v,I/j Vi . . ‘
—;;:-Z-Cx(vj,vi)-[f; (2)-m,;* (2)] 0

for the pumps. Term I-Q-d,, . e sionary *7:(2) is the i-th frequency pump walk-off or
velocity difference from the reference signal. [ is the purhp at j-th frequency, which is
higher than the i-th frequency, transferring its RIN to i-th frequency at the location of z; O
is the pump at j-th frequency, which is lower than i-th frequency, depleting the i-th

frequency pump RIN at the location of z; O is the j-th frequency signal depleting the i-th
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frequency pump RIN at the location of z;

Considering forward pumping scheme, Equation (2.102) and (2.10b) are changed to

om,’ (z) ZC 0, 9) [P (2) - m, (2)] 0
oz
J%QMMHH@WHM- o @l
_E#%CMMW@MWN 0

J

for the considered signal and

om.*
—%—Z_(—Z—Z —-1-Q- dij(reference—signal) tm; (Z)
=viijR(vj:Vi)'[Pj+(Z)‘mj+(z)] il
—Z P v— Cr(v;,v,) [P (2)-m;" (2)] 0 (2.10d)
V<VI/} V
D AR LA CR O 0

for the pumps. Each term has the same meaning as the backward pumping and only the
pump direction is different.

The effects, which couple signals and pumps propagating in the same and opposite
directions, have been analyzed. Solving their propagation equations becomes a two-point
boundary problem [24]. To apply those diﬁ“eren;cial equations for FRAs with length L, the
fiber can be separated into n sections. Each section is an ‘eleme»ntal amplification section

L . . . . .
and has a length of Az =—, where Az is the step size. With the increase of section
n . .
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number n, the step size is smaller and calculation accuracy is improved. However, the
section number n cannot be increased unlimitedly, since the computation time is also
increased. Figure 2.3 and Figure 2.4 give the evolution of a transmission fiber for the

forward and backward directions.

Figure 2.3 The transmission fiber of n sections for the forward propagation direction

Figure 2.4 The transmission fiber of n sections for the backward propagation direction

The equaﬁons of complex modulation indexes for mulﬁple pumps or signals have
been presented but the RIN transfer can only be calculated from one pump to one signal as
in Section 2.1. Since RIN transfer for FRAs with multiple coherent or incoherent pumps to
multiple signals can precisely describe real relatjve intensity noise transferring in DWDM

system, it is important to investigate RIN transfer with multiple coherent or incoherent
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pumps. An equivalent modulation index provides measurements of RIN transfer with
multiple coherent or incoherent pumps in DWDM system. Then an equivalent pump is

assumed to have the same performance as multiple coherent or incoherent pumps. The

assumption is:

P, (0= Y R(z,0) @.11)
P, (z,t) is the equivalent spatial and time dependent optical power of multiple coherent

or incoherent pumps at location z.

P, (2)=2 B () 2.12)
P, (z)is the equivalent steady state optical power of multiple coherent or incoherent

pumps at the location z.
F,(z,t)=F,(z)-[1+ M, (z,1)] (2.13)

M,, is the equivalent complex modulation index of the multiple coherent or incoherent

pumps, and the equivalent spatial and temporal components of the modulation indexes are
given as:

M, (z,t) =m,(z)-exp(l-Q-1) (2.14)
Substitute Equation (2.14) into Equation (2.13)

P, (2,0) = Py(2)-[1+m, (2)-exp(I - Q-1)] (2.15)

m,(z) is the equivalent complex spatial modulation index of multiple coherent or

incoherent pumps. Using (2.7), (2.8) and (2.11), we obtain

P, (z0)= Y P(2)-[1+m,(2)-exp(d - Q-1)] (2.16)

Combining Equation (2.15) and Equation (2.16), we have
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P, () -[1+m,(2)-expI -Q-1)]= Y B (&) [L+m(2)-expl- Q0] (217)

P (D) m (@)= Y B(2) m(2) e

So the equivalent modulation index of multiple coherent or incoherent pumps is:

m,,(2) = Y. P(z)-m(z)/ P, (2) (2.19)

The equivalent RIN transfer H* (L,Q), which corresponds to a transmission span of

fiber length L, is defined by
“ M (L,Q)
H(L,Q)=—"t—- forward pump (2.20a)
/ M, 0,Q)
. M ,(L,€)
H%(L,Q)=—— * backward pump (2.20b)
M, (L,Q) :

M; is the complex modulation index of the signal. Since M(zt) can get from
M (z,t)=m (2) Jexp(l -Q) - 1), the equivalent RIN transfer can be easily get with forward

or backward multiple coherent or incoherent pumps.
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CHAPTER 3 VERIFICATIONS OF RIN TRANSFER MODEL

FOR FIBER RAMAN AMPLIFIERS

The RIN transfer model for FRAs With’multiple pumps to multipie signals has been
proposed in Chapter 2. In this chapter, the model will be verified by comparing with the
results of calculations and measurements that analytical model provided [11] [22]. In
Section 3.1, RIN transfer model is verified for FRAs in non-pump depletion regime using
one forward or backward pump to one signal [11]. The simulations are done to compare
with the example given in [11]. In Section 3.2, the model working in depletion pump
regime is verified with in [22]. In Section 3.3, the model is vériﬁed by approximate

analytical calculations with the examples of FRAs with multiple pumps.

3.1 Verifications of RIN transfer model in non-pump depletion regime

In order to verify the correctness of the proposed RIN transfer mode] for FRAs with
one pump to one signal, the simulations are done to compare with the results of
calcﬁlations or examples from analytical model. The analytical model considers the effect
of RIN in a strong pump beam traveling in a single-mode optical fiber, either with or
against the direction of a coexisting weak signal beam of a different optical wavelength
[1].

The fiber is assumed to exhibit wavelength-dependent attenuation and dispersion, but

those optical nonlinearities other than Raman scattering is ignored. The signal beam is also
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assumed to be initially free from RIN, pump depletion effects are neglect and a small
amount of modﬁlation at frequency f'is applied to the pump. |
Verification 1:

The RIN transfer for FRAs with one forward pump to one signal is verified by the

calculation results using analytical model. From analytical model, the RIN transfer with

one forward pump to one signal can be calculated by [11]:

V,/Ly)*

(e, V)" + (2mDAAY, f )2)

|H ()= (n(0"?))*(
-(1-2exp(—ex, L) cos(22DAALS) + exp(-2cx , L)) 3.1

for long length fiber, this simplifies to

/Ly 62

2_ (Gx/10)\\ 2
[ H (f) "= {n(0™")) ((apK)2+(2nDAﬂV;f)2

(Vs /Lyg)’

@,V,)} +(27DAAY, f)2) G3-3)

|H (f)|* (dB) = 201log(In(10°*"1)) +10log(

in decibels. G is thé on-off gain of distributed FRAs in dB units; «, is the attenuation
coefficient of the pump; L, is the effective fiber length and Ly={1-exp(-a,L))/a,;
The dispersion D at wavelength A, D =s5,(1-4) where ) is the fiber zero dispersion
wavelength, Sqis the fiber zero dispersion slop, Wa\}elength A=(AstAp)/2 and As or Ap is
signal or pump wavelength; L is the fiber length; A) is the difference wavelength between
the pump and the signal; The group V‘elocity at signal wavelength,
V. =cl(n, +S,(A, —,)*c/8), where c is optical velocity in Vacﬁum and n, is the

group index at fiber zero dispersion wavelength 4.
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In order to calculate the RIN transfer for FRAs using the analytical model, the
parameters are chosen as the typical example: The signal wavelength As is1551nm and its
power is 0.5mW; The pump wavelength ?»i) is 1455nm and its power is 368mW; The
attenuation at pump wavelength oy, is 5.5x10 m™; The fiber is TW reach fiber and its
length L is 80km; The fiber zero dispersion wavelength Ay is 1400nm; The fiber zero
dispersion slop S is 0.04 ps/nm’km; fiber zéro dispersion group index ng is 1.47; The
on-off Raman gain G, is around 12.6dB, and L =17.866km ; chromatic dispersion D
is 4.12ps/km-nm; A\ is 96nm; ¥, =2.039x10°m/sand ¢=3x10°m/s.

The theoretical calculation results from the analytical model and the simulation

results from proposed model are shown in Figure 3.1:

10

RIN transfer [dB]
N
o
¥

0.001 0.1 10 1000 10° 107
Frequency [kHz]

Figure 3.1 RIN transfer with one forward pump to one signal, by theoretical calculation from

analytical model and simulation from proposed model.
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Verification 2:

Having done the verification with forward pump, here it will be verified with one
backward pump. The RIN transfer for FRAs with one backward pump to one signal from

analytical model [11] is given by

. , W./L 52 |
2_ O(GR/IO) 2 H eff )
[H (f)"=(n( ) ((a,,K)2+(4zzf)2)
-(1-2exp(~a, L) coé(47;7‘T ) +exp(—2¢ L)) | (3.4)
For Iongvlength fiber, this simplifies to:
V./L)*
2_ (Gx/10)\y2 s/ Hor ’
| H (f)'=(n(10 ) ((apV;)2+(4nf)2) 3.5)
. V. /Lyg)
2 — (G /10) s Teff 3.6
|H (f)|? (dB) =20log(In(10 ))+101og((apn)2+(47f)?) (3.6)

in decibels.The parameters are as same as Verification 1 and only the pump direction is

changed from forward to backward.

The theoretical calculation results from analytical model and the simulation results

from the proposed model are shown in Figure 3.2:
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Figure 3.2 RIN transfer with one backward pump to one signal, by theoretical calculation from
analytical model and simulation from proposed model.

Verification 1 and Verification 2 show that the RIN transfer with one forward or
backward pump to one signal ﬁom the proposed model fits the one from the analytical
model well. The slight difference of the RIN transfers from these two models ié due to the
use of simplified formulas in the analytical model.

Verification 3:

In order to further verify the proposed model, the example of the measurements and
theoretical calculations given in [11] are compared with the results of simulation with the
proposed model. The parameters used in this verification are in the following:

The Truewave RS fiber is considered. The signél wavelength is 1550nm. The pump

wavelength is 1455nm and the on-off Raman gain is 12.6dB. The dispersion at 1550nm is
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2.3ps/km-nm and the attenuation at 1455nm is 0.25dB/km. The fiber length is 81.1km,

and attenuation at 1455nm is 0.25dB/km.
The RIN transfer with one forward or backward pump to signal, which is obtained

from simulation results using the proposed model, is shown in Figure 3.3.

20 T ] F T T T
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74} .
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E .20 .
-
2 (Y
¥ ~
-30 . —
-
-
-
\\
40 |- ~ -
-
-
“
-50 1 I { h 4 ] 1
0.0001t 0.001 0.01 0.1 1 10 100 1000

Frequency [MHz]
Figure 3.3 RIN transfer with one forward or backward pump to one signal from the
proposed model.
The RIN transfer with one forward or backward pump to one signal, which is obtained

from the calculations or measurements using analytical model, is shown in Figure 3.4.
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Figure 3.4 RIN transfer with one forward pump or backward pump to one signal from the

example of [11], solid line indicates calculation results and dotted line indicates

measurements with analytical model.

Co-pump is also called forward pﬁmp and counter-pump is also called backward pump.
So Veﬁﬁcation 3 shows the proposed model perfectly fits with the example in [11].

Through Verification 1, Verification 2 and Verification 3, the verifications of the
proposed RIN transfer model has been done in non- pump depletion regime with one

forward or backward pump to one signal.

3.2 Verifications of RIN transfer model for FRAs in pump depletion regime
The previous verifications are limited to non- pump depletion regime. In DWDM
systems, the multiple signals powers are big enough to make FRAs work in pump

depletion regime. Therefore it is important to analyze the effects of pump depletion on the

25



RIN transfer.

In order to verify the correctness of the proposed RIN transfer model in pump
depletion regime, the input signal power is increased. The RIN transfer will be verified by
the conclusions that the lower frequency of RIN transfer is low and the bandwidth is
broadened in pump depletion regime [22].

For f;orward pumping scheme, the signal power is increased from 0.01mW to 0.5mW
and further to SOmW at wavelength 155 lhm. The fiber is TW-Reach fiber and the length is
60km. The pump power is changed from 365mW to. 368mW and fﬁﬂher to 850mW in
order to get the sam.e on-off Raman gain. The signal power from 0.01mW to 0.5mW is in
the small signal range, which the on-off Raman gain is almost the same at the same pump

power, and the RIN transfer is proportional to the on-off Raman gain [11].

10 - T i 1 1 JA L " T -1
iy /_ "S\A
0.5mW input signal power /u
5 L 0.01mW input signal power \.. -
°T l
= 50mW input signal power
B, -5 F
E
(23
c
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Z
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-20
-25 1 | | 1 t ! | |
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Frequency [kHz]

Figure 3.5 RIN transfer with one forward pump in non-pump depletion and pump
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depletion regime.
According to Figure 3.5, the RIN transfer is almost the same when signal power
increases from 0.0lmW to 0.5mW. When the signal power is increased from 0.5mW to
50mW, FRAs work in pump depletion regime. The low frequency RIN transfer is
decreased from 9dB to 0.1 dB. For 0.5mW signal power case, ~3dB corner frequency is
around 50MHz and for 50mW signal power case, -3dB comer frequency is around
300MHz. The DC RIN transfer is lower and the electronic bandwidth is broadened in
depletion pump regime. These properties agree to [22] very well.
For backward pumping séheme, the signal power is increased from 0.5mW to 50mW
(similar with the total powertof C band signals) to IOOrﬁW (similar with the total power of

C+L band signals) at wavelength 1551nm.
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Figure 3.6 RIN transfer in non- pump depletion regime with one backward pump.
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The same on-off Raman gain can be achieved at the same pump power in this case.
Changing ’Ithe signal power from 0.1mW to 50mW does not affect the-on-off gain and the
RIN transfer since the FRAs work in non- pump depletion regime with backward pumping
schemé. The RIN transfer for FRAs is proportional to the on-off Raman gain as [11] in

non- pump depletion regime.

33 Verification ofRIN transfer model for FRAs with multiple pumps

Since the RIN transfer for FRAs with multiple coherent or incoherent pumps has not
b.een inilesti gated before, it is necessary to verify the proposed model with multiple pumps
by using approximate calculations from the analytical model.

The RIN transfer with six backward coherent pumps to one signal is considered here
as an ekample. The wavelength of the six pumps is 1425nm, 1436nm, 1447nm, 1461nm,
1485nm, and 1500nm respectively. The power of the six pumps is 150mW, 110mW,
97mW, 97mW, 79mW and 44mW respectively. These parameters of pumps can make the
89 signals in C band get more flat on-off Raman gain. Now only consider one signal. The
signal wavelength is 1539.43nm and the signal power is 0.5mW.

For backward pumping scheme, the RIN transfer from the analytical model for long

lIength fiber is given by Equation 3.6. Using approximate method, Gg is the on-off Raman

gain from the six backward pumps, «, is chosen to be the mean value of the six pumps’

attenuation and L is the mean of the effective fiber lengths of the six pumps.
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Figure 3.7 Comparison of the RIN transfer from the proposed model with the approximate
calculations from analytical model using six backward coherent pumps.

According to Figure 3.7, the RIN transfer from the proposed model closely fits the
RIN transfer with approximate calculation results from the analytical model using six
backward coherent pumps. It cannot be verified precisely due to not having the precise
model for multiple pumps yet.

In this chapter, RIN transfer from the proposed model for FRAs has been verified with .
different cases. With one pump to one signal, the proposed RIN transfer model for FRAs
has been verified with the different direction pumping schemes in pump depletion regime
or in non- pump depletion regime. The proposed RIN transfer model with multiple pumps

also is verified by using approximate calculation results from analytical model.
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CHAPTER 4 PERFORMANCE OF DC RIN TRANSFER FOR FIBER RAMAN
AMPLIFIERS WITH MULTIPLE COHERENT PUMPS

Since the proposed RIN transfer model has been veriﬁed. in previous chapter, the RIN
transfer for FRAs can be investigated in DWDM system, which needs multiple coherent
or incoherent pumps to get flatness of on-off Raman gain.

All comparisons in this chapter are based on the same parameters: the fiber type of
TW-Reach Fiber which is a popular single mode fiber used in transmission, C+L band 184
signal channels with channel spacing of 50 GHz over the spectrum from 1530nm to 1605
nm, 0.5mW per channel input power except extra illustration.

In Section 4.1, performances of DC RIN transfer with multiple coherent pumps are
investigated with different numbers of coherent pumps or different direction pumping
schemes or different fiber lengths. The relationship between DC RIN transfer and on-off
Again is studied, and DC RIN transfer from indirect pumps is analyzed. In Section 4.2, DC
RIN transfér considering RIN transferring from the other signals is compared with not
considering it. In Section 4.3, with multiple coherent pumps, DC RIN transfer for forward

pumping scheme is compared with backward pumping scheme.

4.1 Performance of DC RIN transfer for FRAs with multiple backward pumps
~ Since backward multiple pumps are more suitable for FRAs in DWDM systems [26],

perfofmance of DC RIN transfer with backward pumping to each of C+L-band signals is

important to be investigated.
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Case1: 7 DC RIN transfer with two coherent backward pumps

The power of two backward pumps is 330mW and 218mW respectively. The
wavelength of the two pumps is 1441nm and 1484nm respectively. The fiber length is
60km. The modulation index of these pump lasers is assumed 1.0% of the pump power.

In this case, although ﬁe total C+L bénd sigrial power is around 92 mW, the backward
scheme makes FRAs work in non-pump depletion regime. The DC RIN ftransfer is
somewhat proportional to the on-off gain in DWDM system as shown in Figure 4.1. Slight
difference with the values of precise proportional to the on-off gain is due to RINi
transferring from shorter wavelength signal to longer wavelength and RIN traﬁsferﬁng
from indireét pump. The pump wavelength difference is 43nm and the Raman gain
coefficient from pump to pump‘ at this wavelength difference is small, so the DC RIN
transfer from indirect-pump is small. The DC RIN transfer from other signals is small
because the signal power is small.

The DC RIN transfer with two coherent backward pumps is not only relative to its

on-off gain, but also relative to the RIN transferring from the other pumps and from the

other signals.
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Figure 4.1 The on-off gain and the DC RIN transfer with two backward pumps.
Case 2: The DC RIN transfer with the different fiber lengths.

The fiber length is 40km, 60km and 100km respectiVely. The o?her parameters are as
Case 1.

As shown in Figure 4.2, the average DC RIN transfer increases along with the fiber
length. The reason is that the average on-off gain for FRAs increases along with the fiber
length in non-depletion pump regime. The DC RIN transfer is approximate proportional to
the on-off gain with two backward pumps. There are two reasons that the DC RIN transfer
is not precise proportional to the on-off gain as the RIN transfer from one pump to one
signal in the non-depletion pump regime. First, the DC RIN transfer with two pumps has

somewhat DC RIN transferring from indirect pump. Since the difference wavelength of
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the two pumps is 43nm and the Raman gain from pump to pump is small, the DC RIN

transferring from indirect pump is small. Second, the DC RIN transfer in DWDM system
has small RIN transferring from other signals to the reference signal because the input

signal power is small.

13 T T T T T T I
- , \ —
On-offgain y _\ , ~ =——100km
12 7/ / \ / -
— \ / S~ ’
g L \\ ;, 60km— \
:5 , ..0'.' \ ’ \‘
B / s '* \ / - 40km '\
8§ 10/ = A \1
b ) " ‘ \ - ‘
Z '. /
E 9 .a".. 'P\“ /:- - -, |"-
o B . - 100km J N, Y]
a Fiveavs m ' J———60km M
o3 s 7 \‘ /’, (L]
£ 8l A\
© ’
o
= "
® 7
5 transfer
6
I ] | ] ] i ]

1530 1540 1550 1560 1570 1580 1590 1600
Signal wavelength [nm]
Figure 4.2 The on-off gain and the DC RIN transfer with different fiber length.
Case 3: The DC RIN transfer with six coherent backward pumps
The fiber length is 60km. The modulation index of these pump lasers is assumed
1.0% of the pump power. The wavelength of the six backward coherent pumps is 1425nm,
1436nm, 1447nm, 1461nm, 1485nm and 1500nm respectively. The power of the six

backward coherent pumps is 150mW, 110mW, 79mW, 79mW, 97mW and 44mW

respectively.
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Figure 4.3 The on-off gain and the DC RIN transfer with the six backward coherent pumps.
According to Figure 4.3, the DC RIN transfer is not proportional to the on-off gain as
with one pump to one signal case [11]. The DC RIN transfer with multiple pumps to
multiple signals is not only relative to its on-off gain but also relative to the RIN
transferring from indirect pumps and the other signals. The RIN transferring from the
other signals is small since the signal power is small, but the RIN transferring from
indirect pumps is big. The difference between first and -last pump wavelength is about
75nm, whiqh has big Raman gain from pump to pump, and the pump with shorter

wavelength has enough power to pump the longer wavelength pumps, the RIN transfer

can occur from the shorter wavelength of pumps to longer wavelength pumps. This is also

34



called dual order pump RIN transfer. The DC RIN transfer for FRAs from dual order
pump-is higher than frém only one pump as explained in Case4. |
Case 4: The RIN transfer with one or dual order backward pump to one signal.

The signal wavelength/power is 1560nm/0.5mW. For one backward pump, the
wavelength is 1465nm and power is 287mW. For dual order pumps the first order pump
wavelength/power is 1465nm/1 3.5mW and the second order pump wavelength/power is
1375nm/640mW. The parameters are optimized in order to get the same on-off gain in
these two situations. The modulation index is 1.0% pump power.

Figure 4.4 illustrates that the DC RIN transfer is 12.15dB with the dual order pump
and 6.66dB with one backward pump. Although the on-off gain is the same, the DC RIN
transfer has 5.50dB difference. This difference is due to the RIN transferring from indirect
pump. When the wavelength difference of pumps has big Raman gain coefficient and the
first pump power is big, the DC RIN transferring from indirect pump cannot be negligible.

This is main reason that the longer wavelength signal has higher DC RIN transfer

than the shorter wavelength with the six backward coherent pumps.
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Figure 4.4 The RIN transfer with on.e pump or dual order pump to one signal.
Case 5 DCRIN transfef with two or six backward coherent pumps
The powers of two backward pumps aré 330mW and 218mW. The waveleﬁgths of the
two pumps are 1441nm and 1484nm. The power of the six backward pumps is 150mW,
110mW, 79mW, 79mW, 97mW and 44mW respectively. The wavelength of the six
backward pumps is 1425nm, 1436nm, 1447nm, 1461nm, 1485nm and 1500nm
respectively. The fiber length is 60km. The modulation index of these pump lasers is

assumed 1.0% of the pump power.
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Figure 4.5 Comparison of the on-off gain and the DC RIN transfer using two backward

coherent pumps with using the six backward coherent pumps.

According to Figure 4.5, the comparison results are summarized in Table 4.1.

Table 4.1 The comparison results of the on-off gain and the DC RIN transfer with two backward

coherent pumps or with the six backward pumps.

Two backward pumps Six backward pumps
Average on-off gain 10.78 dB 10.06 dB
On-off gain ripple 3.11 dB 0.59 dB
Average DC RIN transfer 8.34 dB 7.86 dB
DC RIN transfer ripple 2.55dB 2.09 dB

In Table 4.1, the on-off gain ripple with the six backward coherent pumps is 2.52dB
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smaller than with the two pumps, but thé DC RIN transfer ripple with the six
backward coherent pumps is only 0.46dB smaller than with the ﬁNo pumps.
Increasing the number of coherent pumps can obtain much flatter the on-off gain, but
| the flatness of DC RIN transfer cannot be improved as much as the flatness of on-off
gain. The main reason is that the longer wavelength signal has much greatgr RIN
transfer from indirect pumps with the six backward coherent pumps as the analysis in
Case 4. So the DC RIN transfer ripple is improved but not improved as the on-off gain

when the number of coherent pumps is increased.

4.2 Comparisons of DC RIN transfer with or without considering the RIN
transferrihg from the other signals

For multiple pumps, RIN transfer for FRAs in DWDM systems includes RIN
transferring from indirect pump, from pumps to the reference signal and from the other
signals to the reference signal as discussed before. Since the RIN transferring from
indirect pumps has been investigated for backwa;d pumping scheme in Section 4.1, now
DC RIN transferring from the other C+L band signals to the reference signal is studied
with two or six backward coherent pumps. Then for two forward pumping schemes, DC
RIN transferring with or without considering the other C+L band signals to the reference
signal will be compared.
Case 1: Comparison of DC RIN transfer with or without considering RIN transferring

from the other signals using two or six pumps.
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For two or six backward coherent pumps, DC RIN transfers for FRAs with or without

considering RIN transferring from the other signals to the reference signal are compared.

The power of two backward pumps is 330mW and 218mW respectively. The

wavelength of the two pumps is 1441nm and 1484nm respectively.
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Figure 4.6 DC RIN transfer with or without considering RIN transferring from the other
signals using two backward cpherent pumps.

The wavelength of the six backward coherent pumps is 1425nm, 1436nm, 1447nm,

1461nm, 1485nm and 1500nm respectively. The power of the six backward coherent

pumps is 150mW, 110mW, 79mW, 79mW, 97mW and 44mW respectively.
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Figure 4.7 The DC RIN transfer with or without RIN transferring from the other signals

using six backward coherent pumps.

As shown in Figure 4.6 and Figure 4.7, for FRAs, the wavelength difference of C+L
band signals is 75nm, the DC RIN transfer of the shorter wavelength signal with
considering RIN transferring from the other signals is smaller than without considering
them. While on the other hand, the DC RIN transfer of the longer wavelength signal with
considering the RIN transferring from the other signals is bigger than withoﬁt considering
them. The reason is that the DC RIN transfer of shorter wavelength signals is depleted by
the longer wavelength signals; in other words, the DC RIN transfer of longer wavelength

signals is pumped by the shorter wavelength signals. The difference is not big due to the

small signal power.
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Case 2: Comparison of DC RIN transfer with or without considering the other‘ C+L band
signals to the reference signal using two forward coherent pumps.

The wavelength and power of the two pumps are the same as Casel only the direction

of the pumps is different.
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Figure 4.8 Using two forward coherent pumps, the DC RIN transfer with or without
considering RIN transferring from the other signals.

As illustrated in Figure 4.8, the DC RIN transfer with or without cqnsidering RIN
transferﬁng from the other signals to the reference signal is much different for forward
pumping scheme. This big difference is due to the FRAs work in depletion pump regime.
.The DC RIN transfer is totally different with the on-off gain and the average DC RIN

transfer is small since FRAs work in pump-depleted regime (discussion in Chapter 6).
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4.3 Comparison of the DC RIN transfer using forward pumps to using

backward pumps

Since the forward pumping scheme is so different from the backward pumping

scheme. The DC RIN transfer with two forward pumps and two backward pumps are

compared. The power of two forward or backward pumps is 330mW and 218mW

respectively. The wavelength of the two forward or backward pumps is 1441nm and

1484nm respectively. The fiber length is 60km.
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Figure 4.9 Comparison of the DC RIN transfer and the on-off gain using two backward

pumps with two forward pumps.

The DC RIN transfer and the on-off gain for FRAs with two forward coherent pumps

are compared with two backward coherent pumps as in Figure 4.9 as shown. The results
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are summarized in Table 42

Table 4.2 The results of comparison using two forward coherent punips with using two

backward coherent pumps.
Two backward pumps | Two forward pumps
Average on-off gain 10.78dB ' 7.50dB
On-off gain ripple 3.11dB  3.42dB
Average DC RIN | 8.39dB | 1.88dB
DC RIN ripple 2.55dB | 6.58dB

| According to Table 4.2, the 6.5 ldB difference of the average DC RIN transfer
between using two forward pumps and Wﬁh the two backward pumps. Although the two
pumps power is the same, the average on-off gain with forward purhps is 3.28dB smaller
than the backward pumps. The DC RIN transfer ripple is bigger with forward pumping
scheme than backward pumping scheme. The DC RIN transfer with two forward pumps is
not proportional to the on-off gain comparing with the case of two backward pumps. All
these results are due to the forward pumps scheme rﬁade the FRAs work in pump
depletion regime when the power of total input signals is 92mW. Although the same total
input signal power, the backward pumping make the FRAs work in non-depletion regime
due to the pumps and signals injected into "fhe Aifferent sides of the fiber. So the backward
pumping séheme is better than the forward pumping scheme due to more pump efficiency

to the sam_e pump power and less DC RIN transfer ripple.
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CHAPTERS5 PERFORMANCE OF DC RIN TRANSFER FOR
FIBER RAMAN AMPLIFIERS WITH INCOHERENT PUMPS

For incoherent pumping scheme, a flatter on-off gain can be obtained by comparing
with multiple cohefent pumps with the same number of pumps [19]. So the DC RIN
~ transfer for FRAs with incoherent pumps rieeds to be investigated. In this chapter, first
incoherent pump theory is introduced and the modeling of incoherent pump is presented in
Section 5.1. While in Section >5.2, RIN transfers, using backward incoherent pump to C
band signals, with different fiber length or different pump power are analyzed. The
performances of DC RIN transfer with different FWHM bandwidth of forward or
backward incoherent pumps are studied. Then DC RIN’ transfers with forward and
backward incoherent pumps are compared. In Section 5.3, DC RIN transfer using one
incoherent pump is compared with one coherent pump to C band signals. DC RIN transfer
with two incoherent pumps is compared with- six coherent pumps to C+L band signals.

Modulation indexes are assumed as 1% pump powers in this chapter.

5.1 Incoherent pump theory and its modeling

An incoherent pump is a new Raman Ampliﬁér pump source, which the Ahura
Corporation invented and became the commercial product at the year 2003.

An incoherent pump beam is a pump that sﬁreads its power within a broad bandwidth
(up to 35nm), not within a very narrow bandwidth like a coherent pump beam. This

broadband and high-power incoherent semiconductor pump sources were achieved
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through coupling of a low-power seed optical signal into a long-cavity semiconductor
amplifier waveguide, which was optimized in design for CW poWer amplification. This
seeded power-optical-amplifier (SPOA) concept relies on the design and fabrication
semiconductor optiéal amplifiers. The resulting SPOA output can be efficiently coupled to
SMF-28 fiber with a loss of <0.8 dB. Semiconductor opticél afnpliﬁer is designed and
fabricated to have saturated output power of > 250 mW currently [27], and could be
further increased. Figure 5.1 is a photograph of high-power broad bandwidth Raman pump
module [28]. Within the butterfly package, seeded source input, optical amplifier devices,

isolators, detectors, and thin-film signal/pump WDM optics are integrated. Figure 5.2, is

an optical spectrum of an on sale incoherent pump [28].

Figure 5.1 High power broadband Raman pump module Figure 5.2 Optical-spectrum of an incoherent pump on sale

From the introduction given by Ahura, we know that by adjusting the central
wavelength, and input current of the pump model, required incoherént pump can be
achieved easily. At this moment, Ahura Corporation provides incoherent pumps with
central wavelength between 1440 nm and 1460 nm, with FWHM bandwidth of greater
than or equal to 35 nm, and minimum output power of 125 mW.

In the thesis, incoherent pumps are not restricted to the current commercial products.
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Simply, we investigate FR As with incoherent pumps that provide good performance.
Incoherent pump is modeled as follows. The Gaussian noise is generated in a broad
bandwidth. After the noise passing through an approximate Gaussian filter, we obtain an
approximate Gaussian-intensity spectrum. The incoherent pump is adjustable by changing
the center wavelength, FWHM bandwidth of the filter and the power‘ of Gaussign noise.

Equation (5.1) is the referring approximate Gaussian filter equation.

- A 2 .
H (/1) = exp[— —%-(—%} 5.1
0
Where, A,is the center wavelength and 4, = ETVWIZ_ZM .

Figure 5.3 is an example of simulated incoherent pump. The filter is centered at 1453
nm, with FWHM bandwidth of equal to 35 nm. The Gaussian noise power is around 3.31
mW within 1 nm bandwidth. Let the Gaussian noise passes through the above filter; we
obtain the incoherent pump shown in Figure 4.3. Its total power is 230 mW and spreads
from 1404 nm to 1499 nm. Figure 4.4 shows the on-off Raman gain after a 50 km
TW-Reach fiber, which is counter-pumped by the above incoherent pump and same power

coherent pump located at 1453 nm.
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Figure 5.3 Incoherent pump example: central wavelength 1453 nm, FWHM bandwidth 35

" nmi, total power 230 mW.
7 T | ¥ T 1 T T
6.5 - TN -
'/ \\_ '/‘ .
'/ Coherent pump \
—_ 06 LI
o 7 \
’
31 ‘,f [
£ 55 - ’ \
] / ‘\
5 5F 7 ]
£ / \
S | \
45 |- .
4 Incoherent pump
3.5 i i i I 1 1 !

1530 1535 1540 1545 1550 1555 1560 1565 1570

Signal wavelength [ nm ]

Figure 5.4 On-off gain comparisons: The pump power is 230 mW. Incoherent pump is solid
curve. Dot-dash curve is coherent pump located at 1453 nm.
In Figure 5.4; incoherent pump provides a more flat gain than coherent pump with the

same power. The example shows that gain ripple by incoherent pump is 0.4 dB, while the
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smallest gain ripple is 2.3 dB from a coherent pump with 230 mW. However, gain values
resulting from incoherent pump are much smaller than the values from coherent pump.
The reason for this phenomenon is that incoherent pump spreads its power in a broadband

range and amplifies signals in a broader wavelength range. Consequently, gain becomes

smaller.

5.2 Performance of DC RIN transfer for FRAs with incoherent pump
In this section, C band signals are 89 signals from 1530nm to 1565nm and have
- 50GHz channel spacing. Signal input power is 0.5mW per channel. The fiber is 60km
TW-Reach fiber except extra illustration.

DC RIN transfer for FRAs is investigated from fo;Jr aspects: with different pump
power or different fiber length or different FWHM bandwidth of pumps or different
direction pumping scheme.

Case 1: The DC RIN transfer with different pump power

The FWHM bandwidth of incoherent pump is Snm; the central wavelength is 1449nm.
The DC RIN transfer with one incoherent pump to C band signals at different pumps

power is investigated. The total pump power is 321.5mW, 351.766mW and 442.509mW

respectively.
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Figure 5.5 The on-off gaig and the DC RIN transfer with different pump power.

In Figure 5.5, Wit_h the same FWHM bandwidth, average on-off gain and average DC
RIN transfer increase along with the total incoherent pump power increasing. For
backward pumping scheme, FRAs work in non-depletion pump regime although the input
signal_power is about 45mW for C band signals. The average on-off gain increases with
the increasing of pump power. The DC RIN transfer is roughly proportional to the on-off
gain in nondepletion pump regime, which will be discussed in Section 5.3 Casel.
Therefore the average DC RIN transfer increases along with the pump power.

Case 2: The DC RIN transfer with the different fiber lengths.
'fhe on-off gain and the DC RIN transfer are compared with different fiber length,

which is 40km, 60km and 100km respectively. The DC RIN transfer is considered with
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FWHM 20nm bandwidth of backward pump to each of C band signals. The total power of

the incoherent pump is 429.12mW. The central wavelength of the incoherent pump is

1448nm.
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Figure 5.6 The on-off gain and the DC RIN transfer with different fiber length

The results of comparisons are summarized in Table 5.1.

Table 5.1 The comparison results with different fiber lengths

Fiber length 40km 60km 100km
Average on-off gain 9.76dB 10.73 dB 11.12 dB
On-off géin ripple 1.36 dB 1.50 dB 1.54 dB
Average DC RIN transfer 7.95 dB 8.74 dB 9.05dB
DC RIN transfer ripple 1.90 dB 1.89 dB 1.87 dB
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For the same pump power and the same FWHM bandwidth of incoherent pump, with
the fiber length increasing, the average on-off gain and the average DC RIN transfer
increases. For backward pumping scheme, the FRAs work in the non-depletion pump
~ regime although the input signal power is about 45SmW for C band signals. The DC RIN
transfer is roughlsf proportional to the on-off gain in non-depletion pump regime, which
will be discussed in Section 5.3 Casel. The average on-off gain increases along with the
fiber length. Therefore the average DC RIN transfer increases with the fiber lengths
increased.

Case 3: DC RIN transfer with different FWHM bandwidth of backward pump

The FWHM bandwidth of each backward incoherent pump is 5Snm, 20nm and 35nm

respectively. The total power of each incoherent pump is 351.77mW, 427.94mW and

515.47mW. The central wavelength of each pump is 1449nm, 1448nm and 1439nm. The

fiber length is 60km.
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Figure 5.7 The on-off gain and the DC RIN transfer with different bandwidth of backward
incoherent pump.

Table 5.2 The results with different FWHM bandwidth of backward incoherent pump.

FWHM=5nm FWHM=20nm FWHM=35nm
Average on-off gain 10.43dB 10.73dB 10.73dB
On-off gain ripple 3.21dB 1.50dB 0.72dB
Average DC RIN 7.97dB 8.74dB 8.36dB
DC RIN ripple 2.99dB 1.89dB 0.88dB

With almost the same average on-off gain, the DC RIN transfer flatness is improved
with the increasing of FWHM bandwidth of the incoherent backward pumping source.

Apparently, the incoherent pump with 35nm FWHM bandwidth is the best choice for the
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consideration of the DC RIN transfer flatness. But it needs more pump power and the
pump power efficiency is low.
Case 4: DC RIN transfer with different FWHM bandwidth of forward pump.

The FWHM bandwidth of each incoherent pump is Snm, 20nm and 35nm respectively.
The total power of each incoherent pump is 474.07mW, 611.67mW and 722.37mW. The
central wavelength of each punip is 14470m, 1442nm and 1428nm. DC RIN transfers are

investigated with FWHM 5nm, 20nm and 35nm forward incoherent pump.

12 : T T T T T T

=== P
10 e - ~ R T -
iy “ O\ FWHM=20nm FWHM=5nm— N
= 8 on-off gain  on-off gain \
s - ~
® FWHM=35nm FWHM=35nm
g— on-off gain /DC RIN transfer
o
e 6
s | e e
T | T
3 T T N
§ i I.'-’ -~ ] \ ]
k] P d \
Zz 4
g 2L ,/ . h
o / FWHM=20nm FWHM=5nm
o ’ DC RIN transfer DC RIN transfer
o/ i
’
_2 | 1 | I f 1

1630 1535 1540 1545 1550 1555 1560 1565

Signal wavelength [nm]
Figure 5.8 The on-off gain and the DC RIN transfer with different FWHM bandwidth of
forward incoherent pump. B
The results of comparisohs from Figure 5.8 are summarized in Table 5.3.

Table 5.3 The results with different FWHM bandwidth forward incoherent pump
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FWHM 5nm FWHM 20nm FWHM 35nm

On-off gain ripple 3.31dB 1.30dB | 0.58dB

DC RIN transfer ripple 5.47dB 3.64dB 1.80dB

The DC RIN transfer flatness is improved with the increasing of FWHM bandwidth of
the incoherent forward pumpiﬁg source. Apparently, the FWHM 35nm bandwidth
incoherent pump is the best choice for the consideration of the DC RIN transfer flatness. |
These properties are the same as with different FWHM bandwidth of backward pumps in
Case3. But for forward pumping scheme, it needs more pump power to get almost the
same on-off gain comparing with backward pumping scheme. So the power efficiency is
low with forward pumps.

Case 5: Comparison of the DC RIN transfer using forward incoherent pump with using

backward iﬂcoherent pump.

The FWHM bandwidth of the pump is 35nm. The backward incoherent pump power
is 515.47mW and its central wavelength is 1439nm. In order to get the approximate on-off

gain, the forward incoherent pump power increased to 722.37mW and its central

wavelength is 1428nm.
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Figure 5.9 The on-off gain and the DC RIN transfer with different direction incoherent

pump.

The results of Figure 5.9 are summaﬁzed in Table 5.4.

Table 5.4 The results with different direction pumping schemes.

Backward incoherent pump | Forward incoherent pump
| Auverage on-off gain 10.73 dB 11.01 dB
On-off gain ripple 0.72dB 0.58 dB
Average DC RIN transfer 8.36 dB 540dB
DC RIN transfer ripple 0.88 dB 1.80 dB

The forward pump power is 206.9mW more than backward pump power in order to

get approximate on-off gain. Although the average on-off gain and the on-off gain rippl'e
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with forward and the backward incoherent pump are close to each other, the average DC
RIN transfer with forward incoherent pump is 2.96dB smaller than with backward
incoherent pump. This is due to FRAs working in depletion pump regime. The DC RIN
transfer ripple with forward incoherent pump is 0.92dB bigger than with backward pump.
So in terms of both the flatness DC RIN transfer and the pump power efficiency, backward

pumping scheme is better than forward pumping scheme.

5.3 Comparison 6f bC RIN transfer using coherent pumps to using incoherent
pumps

DC RIN transfer using one backward coherent pump is compared with one backward
incoherent pump first. Then performance of DC RIN transfer with six backward coherent
purhps is compared with one incoherent or two incoherent pumps.
Case 1: Comparison of the DC RIN transfers using one backward coherent pump to using

one backward incoherent pump.
The coherent pump wavelength is 1450nm and its power is 353.5mW. The incoherent

pump central wavelength is 1439nm, total power is 515.47mW and the FWHM bandwidth

is 35nm.
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Figure 5.10 The on-off gain and the DC RIN transfer with backward incoherent pump and
coherent pump to each of C band signals.

As shown in Figure 5.10, the DC RIN transfer is somewhat proportional to the on-off
gain with one coherent or with one incoherent backward pump. One reason is that there is
no RIN transferring from indirect pump for coherent pumping scheme, and very small
RIN transferring from indirect pump for incoherent pumping scheme. The other reason is

that the RIN transferring from the other signals is small since the signal input power is

small. The results of comparisons are summarized in Table 5.5.
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Table 5.5 The results with one coherent or incoherent backward pump.

_ One coherent pump One incoherent pump
Average on-off gain 10.73dB 10.73 dB
On-off gain ripple 3.25dB 0.71 dB
Average DC RIN transfer 8.13 dB \ 8.36 dB
DC RIN ftransfer ripple - 2.55dB 0.88 dB

In Table 5.5, the average on-off gain with one coherent pump is the same as with one
incoherent pump, and the average DC RIN transfer with coherent pump is 0.24 dB smaller‘
than with the incoherent pump. The incoherent pump provides not only flatter on-off gain
but also flatter DC RIN transfer to C band signals than the coherent pump dose. So the
incoherent pumping scheme is better than coherent pumping scheme in terms of the
flatness of DC RIN transfer.

Case 2: Comparison of DC RIN tra:nsfers using six backward coherent pumps to using
one incoherent pump.

The wavelength of éix coherent pumps is 1425nm, 1436nm, 1447nm, 1462nm, 1485nm
and 1500nm respectively. The power of six pumps is 150mW, 110mW, 79mW, 79mW,
97mW and 44mW respectively. The fiber length is 60km. The one incoherent pump
central wavelength is 1439nm and the total power is 515.48mW. The FWHM bandwidth

of this incoherent pump is 35nm. Figure 5.11 shows power density of the incoherent

pump.

58




Pump power [mW]

Figure 5.11 The FWHM bandwidth 35nm incoherent pump power density.

RIN transfer & on-off gain [dB]

1 ' ] L 1 i I
1380 1400 1420 1440 1460 1480

Pump wavelngth [nm]

1500

1 -

1 e - T T

_/ — -
- . -
- On-off gain with one incoherent pump\ ~
- P, N
-’-‘.\- ’-—.‘- " \‘
10 :’ \'\___,' \.\,__f-’ \':
On-off gain with six coherent pumps
9 - —

DC RIN transfer with six coherent pumps

]

I

6
1530

1535

1540

1545

1550

1555

Signal wavelength [nm}

1560

1565

Figure 5.12 The on-off gain and the DC RIN transfer using one incoherent backward pump

comparing with using six coherent backward pumps.
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The on-off gain ripple is 0.71 dB with one incoherent pump and the on-off gain ripple
is 0.58 dB with six coherent pumps. The DC RIN transfer is 0.88 dB with one incoherent
pump and the DC RIN transfer is 0.85dB with 'six cohefent pumps. Although using six
coherent pumps can get the almost same results as using one incoherent pump, the system
will be more complexity. So one incoherent pumping scheme is better than six coherent
pumping scheme in terms of the simplification of system and easy implementation.

Case 3: Comparison of the DC RIN transfers using six coherent backward pumps to using
two incoherent backward pumps.

The wavelength of six coherent pumps is 1425nm, 1436nm, 1447nm, 1462nm,
1485nm and 1500nm respectively and the power of six pumps is 150mW, 110mW, 79mW,
79mW, 97mW and 44mW respectively. The FWHM bandwidths of both two incoherent
pumps are 20nm. The first incoherent pump central wavelength is 1433nm and the second
incoherent pump central wavelength is 1489nm. The total power of the two incoherent

pumps is 596.71mW.
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Figure 5.13 illustrates that using two incoherent pumps with small power pump lasers

has advantages of not only implementation easily but also small RIN transferring from
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Figure 5.14 The on-off gain and the DC RIN transfer with two incoherent pumps and with

According to Figure 5.14, the DC RIN transfer with six coherent pumps is bigger at
longer signal wavelengths and smaller at shorter signal wavelengths within C+L band
signals comparing with its on-off gain. The main reason is that the RIN transferring from
indirect pumps is big. This has already been discussed in Chapter 4. The DC RIN transfer
with two incoherent pumps has small RIN transferring from indirect pump because the
pump power is obtained by coupling of a low-power seed optical signal into a long-cavity

semiconductor amplifier waveguide (see Figure 5.13) and each pump power is small.

six coherent pumps.

From Figure 5.14, the results are summarized in Table 5.6.
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Table 5.6 Results of comparison using six coherent backward pumps with using two incoherent

backward pumps.
Six coherent pumps Two incoherent pumps
Average on-off gain . 10.53dB | 10.06dB
 Average DC RIN transfer 7.86dB 7.82dB
On-off gain ripple 1.10dB | 0.48dB
DC RIN transfer ripple 2.10dB 1.10dB

As shown in Table 5.6, to get the almost same on-off gain, the ripples of on-off gain
and the DC RIN traﬁsfer with two incoherent pumps are smaller than with six coherent
pumps. So the incoherent backward pumping scheme is better than coherent backward
pumping in terms of not only the easy implementation but also the flatness of the on-off

gain and the DC RIN transfer.
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CHAPTER 6 PERFORMANCE OF RIN TRANSFER
FOR FIBER RAMAN AMPLIFIERS

RIN transfer for FRAs is investigated from two aspects. One is DC RIN transfer and
the other is bandwidth of RIN transfer. Thé DC RIN transfer has been investigated in the
previous chapters. The bandwidth of RIN transfer will be investigated in this chapter. In
Section 6.1, RIN transfers are analyzed with different direction multiple pumps to only
one or to one of C band signals. Then in the same way RIN transfers with one incoherent
pump are studied in Section 6.2. In Section 6.3, RIN transfer with one backward coherent

pump is compared with one backward incoherent pump to one of C band signals.

6.1 RIN transfer with forward or backwar& multiple coherent pumps
RIN transfer with six forward or backward pumps is investigated to one signal or one
of C band signals. Then for forward pumping scheme, RIN transfer to one signal is
compared with to one of C band signals.
Case 1: The RIN transfer with six forward or backward coherent pumps to one signal.
TW-Reach Fiber is considered and the fiber length is 60km. The parameters of six
forward and backward pumps are the same. The power of the pumps is 110mW, 87mW,
60mW, 65mW, 85mW and 40mW respectively. The corresponding central wavelength is
1425nm, 1436nm, 1447nm, 1461nm, 1485nm and 1500nm. The total input signal power is
O.SmW.

These pumps are adjusted to get flatter on-off gain for the whole C band signals and

64



get the same on-off gain 8.5dB at the reference signal wavelength 1539.43nm. The RIN

transfer is studied with six coherent pumps to the reference signal.
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Figure 6.1 The RIN transfer with six forward or backward coherent pumps to only ene
signal at wavelength 1539.43nm.
In Figure 6.1, the RIN transfer with six coherent pumps to one signal has the same
trend as RIN transfer with one pump to one signal as shown in the research [11]. It has the
same low frequency RIN transfer for forward or backward pumps. The RIN transfer from
the forward pumps has much wider bandwidth than from the backward pumps. The -3dB
corner frequency is around 1.4 kHz for backward pumping scheme and around 50MHz for

forward pumping scheme. The backward pumping scheme is better than forward pumping

scheme in terms of narrower bandwidth.
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Case 2 The RIN transfer with six forward or backward coherent pumps to one of C band
signals
The C band signals have 89 channels with 0.5mW input power per channel and
50GHz channels spacing, RIN transfer is analyzed to one of these signals. For FRAs, these
six pumps pump the whole C band signals and the on-off gain is the same at 1549.43nm
wavelength signal for both forward and backward pumping scheme. The total input signal
power is 44.5mW. The parameters of these pumps are in Table 6.1.

Table 6.1 The parameters of six forward and backward pumps.

Six forward coherent pump Six backwafd coherent pump
Central wavelength Pump power Central Wavelength Pump power

1425nm 150mW 1425nm 110mW
1436nm 110mW 1436nm 87mW
1447nm 79mW 14470m 60mW
1461nm 79mW 1461nm 65mW
1485nm 97mW 1485nm 85mW
1500nm A4mwW 1500nm . 40mW

From the Table 6.1, the total power of the forward pumps is higher than backward
pumps to get the same on-off gain. So the pump power efficiency of backward pumping
scheme is higher than forward pumping scheme.

RIN transfer is investigated with these six backward or forward pumps to 1539.43nm

wavelength signal, which is the reference signal.
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Figure 6.2 The RIN transfer with six forward or backward coherent pumps to one of C
band signals.
As shown in Figure 6.2, the low frequency RIN fransfer with six forward pumpé is not
as the same as six backward pumps. The RIN transfer with forward pumps has lower
frequency RIN transfer. The reason is that the FRAs work in depletion pump regime with
forward pumps. The RIN transfer with forward pumps has much wider bandwidth than
with the backward pumps. The -3dB comer ﬁ'equency is around 1.4 kHz for backward
pumping scheme and around 70MHz for forward pumping scheme. The backward
pumping scheme is better than forward pumping scheme in terms of narrower bandwidth

and higher pump efficiency. But the DC RIN transfer with backward pumps is higher than

with forward pumps at the same on-off gain.
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Case 3: Comparison of the RIN transfers to one signal with to one of C band sigﬁals for
six forward coherent pumping schemes.

For backward pumping scheme, the low frequency RIN transfer is 5.5dB and RIN
transfer bandwidth is around 1.4 kHz to both one signal and one of C band signals as
shown in Figure 6.1 and Figure 6.2. But for forward pumping.sche'me, the low frequency
and the bandwidth of the RIN transfer with one signal is not the same as with one of C
band signals. So it is necessary to compare the RIN transfer to one signal with to one of C
band signals. These pumps are adjusted to make the on-off gain is almost same around
8.5dB in both considering one signal and considering one of C band signals.

Table 6.2 The parameters of six forward pumps to one or one of C band signals.

Six forward pumps to one of C band signals * Six forward pumps to one signal

Central wavelength Pump power Central wavelength Pump power
1425nm 150mW 1425nm 110mW
1436nm 110mW 1436nm 87mW
1447nm 79mW 1447nm 60mW
1461nm 79mW  1461nm 65mW
1485nm 97TmW 1485nm 85mW
1500nm 44mW 1500nm 40mW

For forward pumping scheme, as shown in Figure 6.3, the DC RIN transfer is 5.5dB
and RIN transfer bandwidth is 50MHz when considering one signal. While the DC RIN

transfer is 2.9dB and the RIN transfer bandwidth is 70MHz at the time considering one of
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the whole C band signals. The RIN transfer to one of C band signals has a lower DC RIN
transfer and broader bandwidth than to only one signal when the on-off gain is almost
same. These prbperties are the same as from one pump to one signal of RIN transfer when
the input signal power is big enough [22]. The reason is that the FRAs work in pumpv
depletion regime when the forward pumps pump the whole C band signal and input signal

power is around 44.9mW.
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Figure 6.3 The RIN transfer with six forward coherent pumps to one of C band signals or to
only one signal.
From above illustrations, with multiple pumps pumping multiple signals in DWDM
system, the forward pumping scheme makes the FRAs work in the pump depletion regime,
so the backward pumping scheme is better than the forward pumping scheme because of

the higher pump power efficiency and narrower bandwidth.
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6.2 RIN transfer with one forward or backward incoherent pump

The RIN transfer with one forward or backward incoherent pump is investigated to
one signal or to one of C band signals respectively. For forward pumping scheme, the RIN
transfer to one signal is compared with to one of C band signals. The parameters of the

signals and the fiber are the same as the Section 6.1. The incoherent pump has FWHM
35nm bandwidth and the central wavelength is 1439nm.

signal.

Case 1: The RIN transfer with one forward and backward incoherent pump to only one

The pump power is about 380mW to get the almost same on-off gain, which is around

9.12dB at the considering signal wavelength 1539.43nm.
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Figure 6.4 The RIN transfer with one forward or backward incoherent pump to only one

signal at 1539.43nm.
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In Figure 6.4, the low frequency RIN transfer is the same for both directions pumps.
The RIN transfer from the forward pump has much wider bandwidth than tﬁe RIN transfer
from the backward pump. The -3dB corner frequency is around 1.4 kHz for backward
pumping scheme and around 40MHz for forward pumping scheme. The backward
pumping scheme is better than forward pumping scheme 1n terms of narrower bandwidth.
Case 2: The RIN transfer with one forward and backward incoherent pump to one of C

band signals.

The C band signals have 89 channels with 0.5SmW input power per channel and 50GHz
channels spacing, the RIN transfer is only analyzed to one of these signals. The total input
signal power is 44.5mW. For FRAs, the whole C band signals are pumped by one
incoherent pump: The pump power of forward or backward pump is optimized to obtain
the same on-off gain at the reference signal which wavelength is 1549.43nm. For

backward pumping the total pump power is about 398.93mW and for forward pumping the

pump power is 515mW.
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Figure 6.5 The RIN transfer with one forward or backward incoherent pump to one of C
band signals.

The forward pump power is bigger than the backward pump power when the reference
signal has the same on-off gain. The low frequency of RIN transfer with forward pump is
smaller than the backward pump from Figure 6.5. The reason is fhat the power of input

signals is big enough to make the FRAs work in depletion pump regime for forward
pumping scheme. The -3dB corner frequency is around 1.4 kHz for backward pumping

scheme and around 60MHz for forward pumping scheme. The backward pumping scheme

1s better than forward pumping scheme in terms of narrower bandwidth.

Case 3: Comparison of the RIN transfers to one signal with to one of C band signals using

one forward incoherent pumping scheme.

The RIN transfer with one forward FWHM 35nm bandwidth of incoherent pump to
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one signal is compared with to one of C band signals. The reference signal wavelength is
1539.43nm and the on-off gain at this signal wavelength is around 8.5dB with adjusting
the pump power. The power of incoherent pump is 374.90mW for pumping one signal and

515.48mW for pumping the whole C band signals.
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Figure 6.6 The RIN transfer with one forward FWHM 35nm bandwidth incoherent pump to

only one signal or to one of C band signals.

For forward pumping scheme, the low frequency RIN transfer is 7.0dB and RIN
transfer bandwidth is 40MHz when the pﬁmp only pumps one signal. The low frequency
RIN transfer is 3.9dB and the RIN transfer bandwidth is 60MHz when the pump pumps
the whole C band signals and only considered one of C band signals as reference signal
which wavelength is 1539.43nm. The forward pump that pumps the whole C band signals

makes the FRAs work in depletion pump regime since the input signal power is around
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44.9mW. For backward pumps, the FRAs work in non-depletion pump regime with the
same input signal power because the signals and the pump are injected into the fiber at
different sides. The RIN transfer has lower DC RIN transfer and broader bandwidth with
fo'rward pump. These properties are the same as with one forward pump to one small or
big power signal [22] and also as with multiple forward coherent pumps to one signal or
| one of C band signals, which is discussed in Section 6.1. In DWDM system, with
incoherent pump pumping multiple signals, the backward pumping scheme is better than

- the forward pumping scheme because of narrower RIN transfer bandwidth.

6.3 RIN transfer using one coherent pump compared to using one incoherent
pump

The RIN transfer from one coherent backward pump is compared with from one

incoherent backward pump to one of C band signals. The signal wavelength is 1555nm.

The coherent pump wavelength is 1450nm and the power is 345mW. The incoherent pump

central wavelength is 1450nm and the total power is 427.9mW. The incoherent FWHM

bandwidth is 20nm. Figure 6.7 indicates the on-off gain of the whole C band signals with

the coherent pump or the incoherent pump.
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Figure 6.7 The on-off gain from the coherent pump and incoherent pump to one of C band
signals.
In Figure 6.7, the on-off gain is the same at the reference signal which wavelength is

1555nm. The RIN transfer is investigated at this reference signal with one coherent pump

or with one incoherent pump as shown in Figure 6.8.
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Figure 6.8 The RIN transfer with the coherent pump and with the incoherent pump to the
referenct;, signal, which is one of C band signals.

As shown in Figure 6.7 and Figure 6.8, the reference signal is chosen with the same
on-off gain for these two pumping schemés, but the RIN transfers are somewhat different.
The low frequency RIN transfer with incoherent pump is 0.85dB higher than with
coherent pump. The —3dB corner frequency has a small difference. When considering the
ripple of the DC RIN transfer, the incoherent pumping scheme is better than the coherent
pumping scheme. Moreover, the incoherent pumping scheme can be implementation

easier than coherent pumps.
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CHAPTER7 CONCLUSIONS

7.1 Contributions of this thesis

RIN transfer with one or dual order pump to one signal has been investigated in the
previous papers [11] [22]. Nowadays, in DWDM systems the multiple coherent and
incoherent pumps are used to get the flatness of on-off gain for multiple signals. Therefore
investigations and explorations of RIN transfer with multiple coherent or incoherent
pumps in DWDM system are necessary.

ARIN ﬁansfer model for multiple pumps to multiple signals has been established in
Chapter 2. The model verifications are done by different cases in Chapter 3. Having this
model, RIN transfers are investigated with multiple coherent or incohereﬂt pumps to
multiple signals from the following aspects.

For multiple coherent pumping échemes, DC RIN transfer is not only relative to its
on-off gain but also relative to RIN transferring from indirect pumps and from the other
signals. The ripple of DC RIN transfer decreases with increasing the number of coherent
pumps and average DC RIN transfer increases along with the fiber length when FRAs
work in non-depletion pump regime. The ripple of DC RIN transfer with backward
pumping scheme is smaller than with the forward pumping scheme. |

For one incoherent pumping scheme, since the pump is consisted with seeded power
optical amplifiers, the seeded power is so small that RIN transferringi from indirect pumps

can be negligible. The ripple of DC RIN transfer with backward pumping is smaller than
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with forward pumping. Through increasing FWHM bandwidth of incoherent pump, the
ripple of DC RIN transfer is decreased. Average DC RIN transfer increases along with the
fiber length or pump power for backward pumping scheme when FRAs work in
nén—depletion‘ pump regime. The ripple of DC RIN transfer with two incoherent bgckward
~ pumps is smaller than with six coherent backward pumps because RIN transferring from
indirect pump is small with incoherent pumping scheme. To achieve the same DC RIN
transfer flatness, the number of pumps for FRAs with incoherent pumping can be
significantly reduced comparing with coherent pumping.

In DWDM system, forward pumping scheme can make FRAs work in depletion pump
regime. For considering multiple signals, low frequency RIN transfer is smaller and the
bandwidth is broader than considering only one signal.

For incoherent pumping scheme, the ripple of DC RIN transfer is smaller but the
average low frequency RIN transfer and the bandwidth of RIN transfer are not big
different comparing with the coherent pumping scheme.

The backward pumping scheme is more suitable for DWDM system because the
smaller DC RIN transfer ripple and narrower RIN transfer bandwidth. Moreover, the
backward pumping scheme can get the higher pump efficiency due to the FRAs vrorking

in nondepletion pump regime.

7.2 Future works

Having done all these analysis, future works related to this thesis could be focused on
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with the following aspects:
(i) Research of the RIN transfer with bi-direction pumping scheme.

Since the RIN transfer has been studied with forward or backward pumps respectively
and nowadays for FRAs bi-directional pumping scheme is used, investigated the RIN
transfer with bi-directional pump has practical meaning,.

(i) Research of the RIN transfer with the crystal fiber.

So far we considered only the RIN transfer with TW-Reach fiber, the performance and

properties of the RIN transfer need to be explored with crystal fiber, which is a new high

nonlinearly coefficient FRAs.
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Acronyms

RIN

relative intensity noise

DFRAs distributed fiber Raman amplifiers

DWDM
DisFRA
DCRIN
FWHM
FRAs
EDFAs
O-E-O
SOAs
FPA
TWA
SRS
OSNR

SPOA

dense wavelength division multiplexing

discrete fiber Raman amplifier

dc level of RIN

full-width at half-maximum
fiber Raman amplifiers
erbium-doped fiber amplifiers
optical-electrical-optical
semiconductor optical amplifiers
Fabry-Perot Amplifier

Traveling Wave Amplifier
stimulated Raman scgttering
optical signal to noise ratio

seeded power-optical-amplifier
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