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Abstract

HE trend in communication systems goes to fast and global networks providing

ubiquitous coverage. Therefore, it has been proposed to build satellite
communication systems with free space inter-satellite coherent optical cross-
connections. Fiber amplifiers are one possible solution to fulfill the power requirements
for the optical inter-satellite link.

In this dissertation, we report on the design and the measurement of a high power
double-clad doped fiber amplifier for coherent satellite communication systems. The
amplifier delivers up to 1.3 W cw at 1.06 ym with about 10 mW input from a single
frequency Nd:YAG master oscillator. The polarization state at the amplifier output is
stable with an extinction ratio higher than 100:1. To boost the power of the fiber optical
amplifier, the combination with a crystal amplifier has also been investigated.

Phase noise in optical amplifiers is a crucial issue in coherent optical communication
systems. Since the first measurements published in 1990, it has been assumed that
phase noise introduces spectral broadening of the amplified signal. However, there is a
controversy in literature, because the theoretical model proposed in the original paper
seems not to be correct and also because more recent measurements did not confirm
these early results. Therefore, we decided to perform a series of experiments to clarify
the situation. After careful investigation, we propose a different model, where the phase
noise is introduced as an additive noise rather than a multiplicative noise. This
description is in good agreement with the experimental results; no spectral broadening
is expected.

Finally, as an attempt towards an integrated emitter for coherent space
communication, we designed and investigated an all-fiber master oscillator power
amplifier. It consists of a distributed feedback fiber laser, a piece of fiber coated with a
piezoelectric layer as phase modulator, and the double-clad fiber amplifier described
above.
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Introduction

1 Introduction

HE story of modern fiber optics communication started about 30 years ago with

the demonstration of low loss single-mode fibers. The fibers were first optimized
for a wavelength of 1.3 um, corresponding to the second telecommunication window,
because of the absence of chromatic dispersion. In long distance applications however,
these systems were limited by the bandwidth of the electronic repeaters.

The first demonstration of an erbium doped fiber amplifier was published in 1986 by
a group of the University of Southampton, UK. This was a kind of revolution in the
field. Fiber amplifiers can replace electronic repeaters with a much larger bandwidth,
they have high gain, are polarization insensitive and operate at a wavelength of 1.5 pm
for which the telecommunication fibers exhibit the lowest losses. It ensued a lot of
optimizations, leading to almost perfect fiber amplifiers for the large
telecommunication market. The technology is now so reliable that the most recent
undersea cables use only optical amplifiers.

During these last years, the demand for efficient transmission systems has
continuously increased. The trend goes now to fast and global communication
networks providing ubiquitous coverage. It is not possible anymore to respond to this
request for mobility using the terrestrial networks. The cost for fiber installation is high
and can only be accepted to connect highly populated areas. As a result, it was
proposed to build satellite communication systems, using optical free space cross-
connection to provide a sufficiently high bandwidth. Every point on earth can now be
linked to everywhere else!

In the context of free space optical communication, it was demonstrated that
coherent communication is the best solution to reduce terminal weight and size, and
thus, to save costs. To achieve data rate in the Gbit/s range with optical coherent
communication, one needs stable single-frequency single-polarization sources,
operating at frequencies sufficiently stable to be locked to one another. Due to the long



2 Introduction

distances between the satellites, high optical power is required. The combination of
high power single-frequency lasers and fast phase or frequency modulation leads to
heavy systems. Splitting the function of modulation and amplification, as demonstrated
in RF technology, is a much better solution. It results in a small master oscillator
followed by a modulator and a high power optical amplifier. This concept results in the
so-called MOPA structure.

Currently, there is a strong interest for coherent free space communication systems,
as some commercial satellite networks are being launched (e.g. Teledesic, Astrolink).
The European Space Agency (ESA) proposed a project called SROIL (Short Range
Intersatellite Links) for the development of a terminal for demonstration purpose. This
project was managed by Contraves Space in Zurich and the Institute of
Microtechnology at the University of Neuchéatel was entrusted with a study about high
power fiber amplifiers. This work on high power amplifiers was also closely
coordinated with the Swiss Priority Program Optics II (SPPO II). This gave the
opportunity to investigate in more details some specific aspects of optical amplification
in doped fibers.

This dissertation is placed in this particular context and the SROIL project became
the skeleton of this work.

In chapter 2, the basic principles of optical amplification in doped fibers are
presented. An expression is derived for the case of double-clad doped fibers, a special
structure used in high power devices. Then, some specific properties of neodymium
doped fibers are reviewed.

In chapter 3, we discuss the basic properties of coherent communication. The
advantages of coherent detection are highlighted. The goals of the SROIL project are
enumerated and the solution proposed by Contraves is also described.

In chapter 4, we present our most important results, namely the gain and output
power of the fiber amplifiers as well as the study of its polarization properties. The
power conversion efficiency is investigated. Some general considerations on front and
side pumping of optical double-clad amplifiers and the effects of pump linewidth and
pump wavelength are reviewed. A concept for power scaling of optical amplifiers is
also presented, based on the combination of fiber and crystal amplifiers. Power scaling
opens the way towards a few tens of Watts, as may be required in further applications.

Chapter 5 is the most fundamental part of this dissertation. First, we analyze the
effect of an optical amplifier on the coherent detection, in term of signal-to-noise ratio.
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Then, the spectral noise is measured and found to be negligible in the high saturated
regime, in which we are working. Finally, phase noise is carefully investigated.

The problem of phase noise was first addressed in 1991, based on experimental
results. However, there is a controversy in literature; the theoretical model proposed in
the first publication seems to be incorrect. Furthermore, some of the original results
were not reproducible. Therefore, we compared the different theoretical models with
our experimental results. Then, to overcome the discrepancy between theoretical
prediction and measurements, we proposed a new model in which the effect of phase
noise is described as an additive process rather than a multiplicative one. Finally, we
demonstrated that this description is in good agreement with the experimental data.

All-fiber master oscillator fiber amplifiers (MOPA) are reviewed in chapter 6.
Initially, single-frequency fiber lasers are investigated, in order to replace bulky crystal
solutions. Then, an all-fiber phase modulator is tested. Finally, a single-frequency fiber
laser, a phase modulator and a power amplifier are combined to build an all-fiber
MOPA structure, in collaboration with our partners of the SPPO II.

Most of this work has been published as regular papers or at conferences. Several
new papers on the effect of phase noise in fiber amplifiers and on all-fiber MOPA are in
preparation. The published papers are listed below:

- E. Rochat ef al.: "Excited-state absorption and gain measurement at 1.3 pm in Nd*
doped silica fibers with different codopants: effect of ceasium on ESA cross-section,”

J. Ligthwave Technol., vol. 15, pp 1573-1577, 1997.

- U. Roth, T. Graf, E. Rochat, K. Haroud, J. E. Balmer, and H. P. Weber: “Saturation,
Gain, and Noise Properties of a Multipass Diode-Laser-Pumped Nd:YAG CW
Amplifier,” J. Quantum Electron., vol. 34, pp. 1987-1991, 1998.

- Y.-A. Peter, H.-P. Herzig, E. Rochat, R. Dandliker, C. Marxer, N. F.de Rooij: “Pulsed
fiber laser using micro-electro-mechanical mirrors,” Opt. Engineering, vol. 38,
pp- 636640, 1999.

- E. Rochat et al.: “High-gain solid-state and fiber amplifier-chain for high-power

coherent communication,” Photon. Technol. Lett., vol. 11, pp. 1120-1122, 1999.

- E. Rochat et al.: “High power Nd3+-doped fiber amplifier for coherent intersatellite
links,” J. Quantum Electron., vol. 35, pp. 1419-1423, 1999.

- K. Haroud, E. Rochat, R. Dandliker, "A Broad-Band Superfluorescent Fiber Laser
Using Single-Mode Doped Silica Fiber Combinations," J. of Quantum Electron.,
vol. 36, pp. 151-154, 2000.
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2 Rare-earth doped fibers

ARE earth doped fibers are key components in today communication systems. In
R order to design well adapted devices, it is important to understand the equations
governing the emission and absorption process as well as the physical parameters
describing the dopant. The methods commonly used for the measurement of these
parameters are reported in detail in many textbooks [1], [2], [3]; they will not be further
described in this dissertation.

There is a large choice of rare-earth dopants, depending on the desired application.
In section 1.1, we describe the energy diagram and the transitions of neodymium,
ytterbium and erbium doped fibers, the most widely used systems.

A model based on the rate equations in 4-level systems, such as neodymium, is
developed in section 1.1. Simplifications for strongly pumped systems are introduced
and compared later with the experimental results.

Some transitions suffer from excited state absorption (ESA), which reduces the gain
at specific wavelengths, preventing laser oscillation or, in the worst case, amplification.
In section 1.1, we report on measurements of the ESA cross-section around 1.3 ym in
Nd3+-doped fibers. It is shown that the magnitude of the ESA cross-section depends
strongly on the co-dopant used to build the fiber core. These results have been
published by the author as a regular paper in the J. of Ligthwave Technology [4].
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2.1 Transitions in rare-earth doped fibers

It is beyond the scope of this dissertation to report all transitions used in rare-earth
doped fiber amplifiers. We limited ourselves to the cases of neodymium (Nd3+),
ytterbium (Yb3+) and erbium (Er3*), which we have been using or considered in our
experiments, and which are typical examples of 4, 2 and 3-level systems, respectively.
The information given in this paragraph can be found in most text books on fiber
amplifiers, for instance [1] and [3].

2,1.1 Neodymium doped fibers

4(37/2 Nd3+ ions have three main laser
transitions, around 1.3 ym, 1.06 pum and 0.93
pm (Fig. 2.1). The usual pump wavelength is
800 nm, though pumping at 900 nm is also
possible. The 1.3 pym transition suffers from
4F7/2 excited state absorption (ESA), as described

3/2 in § 1.1, reducing considerably the gain in

the second telecommunication window.

1 ESA 1.3 pm
[y

The 1.06 pm transition is of strong interest
for single-frequency lasers (using Nd:YAG
crystals for example) and frequency up-
conversion towards green and blue

Pump 800 nm
1.3 um
1.06 pm
0.9 um

M3/

4111/2 wavelengths. Moreover, it is a very efficient

;ﬁ 419/2 transition, not suffering from reabsorption,

thus being rather insensitive to the fiber

Fig. 2.1:  Energy level of Neodymium

34 . .
doped silica fibers. length. Nd3+ is now being replaced in some

applications by Yb3+ , which has a larger
tunability and a higher efficiency

Physical parameters

The fluorescent lifetime of the 4F;; level in Nd3+ doped silica fibers is typically
470 ps, but decreases to 200 ps for high dopant concentration (§ 4.1). The emission cross-
section for the 1.06 pm transition is roughly 10-2¢ m2, but varies with dopant
concentration and co-dopants used within the core (§ 1.1).
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2,1.2 Ytterbium doped fibers

Yb3+ jons in silica have just one

. B %F5,, broadband laser transition, between 0.97 and
1.2 pm, pumped continuously between 850

and 1064 nm [5] (Fig. 2.2). The absorption
peak is at 975 nm. In the short wavelength
region, Yb3+ has a unique 2-level structure.
In the long wavelength region, the transition

is rather similar to the 3-level system of Er3+.
—J—- %y

Yb3+ doped fibers are very efficient

Fig. 2.2: Energy level of Ytterbium sources. Due to the simple 2-level system,
they do not suffer from excited state

0.9-1.15 um

Pump 0.85 - 1.06

doped silica fibers.
absorption.

The emission wavelength can be more or less selected by a careful choice of the pump

wavelength. Yb3+ doped fibers are now being used at 1020 nm for pumping

praseodymium doped fluoride fiber amplifiers (amplification in the 1.3 pm region) and

at 1140 nm for pumping thulium doped fibers (upconversion, to get blue light

emission). At 1064 nm, they may replace bulky Nd:YAG laser, for instance in coherent

communication (§ 6.1.3).

Apart from being used as emitters, Yb3+ ions are often combined with Er3*, as
sensitizers [6]. The Yb3+ ions absorb the pump power and, due to cross relaxation
between adjacent ions of Er3* and Yb3+, the energy is transferred to the Er®* ions. This
process allows to have strong absorption of the pump, without signal absorption due to
the Er3* concentration, which helps to design short cavity fiber lasers.

Physical parameters
The fluorescent lifetime of the 2F;,, level in Yb3* doped silica fibers is typically 840 ps

and the peak emission cross-section is 2.5 x 10-2¢ m2, as reported in [5].
2.1.3 Erbium doped fibers

Er®* doped silica fibers are the most widely used devices, because they have a
transition in the third telecommunication window, around 1.5 pm (Fig. 2.3). They can
be pumped either at 800 nm, 980 nm or 1480 nm. The 980 nm pump band is the most
advantageous choice. It produces the highest output power and gain with the lowest
noise figure. Pumping at 1480 nm is not as good as at 980 nm, but is very useful for
remote sensing, where the pump light must propagate within long fibers without loss
(see [2], ch.7 for a discussion of the different pump bands).
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; *F7/2
T 2Hyy s
g #8372
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< E Fo/2
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—-5 1172
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lis/2
Fig.2.3: Energy level of Erbium
doped silica fibers.

The 800 nm pump band suffers from ESA,
but it is used for upconversion, producing
green emission about 540 nm. Combined
with the red emission of praseodymium or
samarium doped fibers and with the blue
emission of praseodymium or thulium
doped fibers, it just opens the way to large-
scale projection systems. The same pumping
mechanism is also used to obtain laser
emission at 850 nm and a cascade of
transitions at 1.7 pm and 2.7 pm for medical
applications [7].

Erbium doped fiber amplifiers are thus
key elements in long range optical
transmission systems. They are still under
study, in order to broaden the bandwidth, to
flatten the gain and to increase the power.

As much as 100 channels can be simultaneously amplified, resulting in terabits
transmission lines. Output power around tens of watts have also be obtained.

Physical parameters (1.5 ym)

The fluorescent lifetime of the 4F,, , level in Er3* doped fibers is typically 10 ms and
the peak emission cross-section is 0.5 — 0.8 x 10-2¢ m2.
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2.2 Theoretical modeling of doped fibers

Many theoretical models are available. They are based on the rate equations and
differ mainly by the assumptions and approximations made.

A model based on the mode overlap between pump, signal and dopant distribution
has been proposed by Digonet et al. [8] and was later extended especially for
superfluorescent fiber laser (SFL) [9]. It is assumed that the transition has a single
emission linewidth following a Lorentzian lineshape. This is not compatible with the
simulation of complex emission spectra. Therefore, at high power, the results became
inaccurate.

Assuming a given shape of the dopant concentration in the core, it is possible to find
an analytical solution for the rate equations [10]. We also tried this method, but again,
in the case of high power amplifiers, the results were not in good agreement with
experimental data.

Going back to basics, and modifying the approach described by Desurvire for 3-level
systems in [1], we developed a general model taking into account spectral properties of
the dopant as well as saturation of the gain and overlap between pump and signal
modes. The model assumes homogeneous broadening of the gain medium.

Meanwhile, a commercial software became available for the simulation of erbium
doped fiber amplifiers and lasers [11], following the model described in [1]. It is
expected, that a version including neodymium and ytterbium doped fibers will be
available soon.

2.2.1 Rate equations in 4-level systems

The bases of all theoretical models are 4
the rate equations. According to the ? 'Y %‘uf? 3
energy diagram of Fig. 2.4, we define: & n}'

R;, and Ry, the stimulated absorption ]

and emission rates for the pump ' 2 = < ' X
transition; W,3 and W3,, the stimulated o A
absorption and emission rates for the ’z' ‘1 rrt\ .

signal transition; As,, A%5, A} and A5,
the radiative and nonradiative Fig.2.4:  Energy diagram and definition of
spontaneous emission rates, respectively. the parameters involved in the
description of 4-level laser

system.
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The stimulated absorption and emission rates are related to the photon densities

through [12]
1

c P

Ryg = L% ;ap = th Iy (2.1)
c I

Wiy = "75;05 = hv-osl (2.2)
s

where 7, are the photon densities at signal and pump wavelength, respectively, c is
the speed of light in vacuum, n is the index of refraction and o; , are the transition cross-
sections at signal and pump wavelength, respectively.
The spontaneous emission rate A, is related to 7y, the lifetime of the upper level of the
laser transition, by

Ap = 1 (2.3)

T32

The population densities of the four levels are N;, N 5, N ; and N, Using these
definitions, we get the rate equations:

% =RyNy + AZIN; - RyyN, (24)
d:% =W3N3 + ApNj + AZN3 - WysN; - AN, (25)
d‘% = Wa3N; - ApN3 - AZIN3 - Wa,N3 + AZ3N, (2.6)
% =Ry4yNy -RyNy - AZ;;N4. 2.7

Assuming that transitions from level 4 to 3 and from level 2 to 1 are predominantly
nonradiative, radiative transitions from these levels can be neglected (RyNy = 0,
Wiy3N, = 0).

The nonradiative transition between level 3 and 2, namely A$jN3 is neglected in a

first approach. In this case, 73, can be replaced by 14,,, the fluorescent lifetime of the
transition. When necessary, the nonradiative contribution will be reintroduced through
the branching ratio (see § 2.3.1). In addition, it is assumed that the nonradiative
transitions from level 4 to 3 and from level 2 to 1 are much faster than any other
transition. Therefore, the population densities Ny and N, are negligibly small with
respect to N3 and Nj, so that

Ni+N3=p, (2.8)
where p is the total dopant population density.

Using Eq. (2.8) and solving Egs. (2.4) - (2.7) for N; at steady state (dN;/dt = 0) finally
leads to '
Rldtﬂuo

. (2.9)
1+ rﬂuo(RM + W32

N3=p
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1t is then straightforward to find for the population density inlevel 1

1+ W3217ﬂuo

N, =p (2.10)

1+ Tﬂuo(R]4 + W32 )

Transition cross-section

The local absorption, emission and pumping rates are also related to the signal and
pump intensities I(z) and I,(z), respectively. Using the emission cross-section o; at
signal wavelength A, and the absorption cross-section g, at pump wavelength 4,, the
differential intensity changes over a slice of thickness dz of the gain medium are given
by [13]

dl

ﬁ_dzs = 03N3(2)I(2) (211)
dl
d—: = =0, Ny(2),(2). (212)

Saturation

The lifetime of the upper level of the laser transition plays a key role in the
understanding of saturation mechanism. Equation (2.9) can be written in the generic
form [12] [13] [14]

No
-—No 213
3 1+ rsatW32 ( )
TR
where Ng = pM._ (2.14)
1+t ﬂuoRl4
is the steady-state population difference and
T
Ty = — 20 (2.15)
1+7g,,R14

is the saturation time constant. Following Eq. (2.2), W3, is a function of the signal
intensity I,. Therefore, the population density N; will depend on the signal intensity,
and we get finally

N3 = __NO—,

1 2.16
1+ tgy0, h—:’ (2.16)
s

where hv, /0T, is known as the saturation intensity I,,.

Though very useful, the saturation time constant 7, cannot be measured. The only
physical parameter to which we have access is the fluorescent lifetime z,,,. Thus, it is
more convenient to define saturation intensities for pump and signal with respect to

Tﬂuo as )
v
I = s B L (2.17)
Usfﬂuo . oprﬂuo
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Mode envelope

The intensity does not only depend on the position z along the fiber, but, through the
guiding properties, also on the position (r, 8) in the cross-section of the fiber. According
to [1], we define a normalized mode envelope ws’p(r,ﬂ), with (r, 8) representing the
cylindrical transverse coordinates, so that

Ws,p(r'e)

Ws,p(rle) = ’
fws,,,(r,e) rdrd@
S

(2.18)

where y,, (r, 0) is the intensity profile of the mode.
The indices s and p stand for the signal and the pump, respectively, and S is the fiber
cross-section. The intensity is then given by

I p(r,60) = P ¥ ,(1.6), 2.19)

where P, is the total power guided by the respective modes.
For weakly guiding step-index fibers, the modes are well described by the LP mode
solutions [15]. In the case of single mode fibers, the intensity profile is described by

]%(USI,, ;::) for r=a
Ysp= ,g(us’p) " (2.20)

KZ(W - or r>a,
P o I T

where ], and Kj are the zero order Bessel functions, a is the core radius, U, V, and
Wsp

are the normalized frequency and eigenvalue parameters (see [16] and [17] for
definition and calculation of these terms).

It is useful to define a mode power radius [1] so that

2
W, p = [%j;'/’s,p(’/e)r dr dG]l/ . (2.21)
Combining Egs. (2.18) and (2.21), the mode envelope becomes
ws,p(r) = ”“’21;5,,;(’)/ (2.22)
from which we find the mode power radius
VsKi(Ws)

ws =4 TRACA Jo(Us). (2.23)

Evolution of pump and signal power along the fiber
The evolution of the signal power P(z) along the z axis of a single mode fiber is

obtained by substitution of Eq. (2.19) into Eq. (2.11). After combination with Eq. (2.22)
and integration over 8 (LPy mode), one gets

& _20% f Ni(r, 2)ps(r,2) rdr. (2.24)
dz Wy
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The spontaneous emission is introduced as a noise photon of power P, = hvév into the
bandwidth év. The power differential gain of the signal is finally given by
20(Ps + 2R,
ar _ —os—(——i—;———olng;(r,z)ws(r,z) rdr, (2.25)
dz g
where we take into account the two orthogonal polarization modes for the spontaneous
emission. In a similar way, we get for the evolution of the pump power P,(z) along the 2

axis in the LPy; mode
dPp, 20,P,
L. PP le(r,z}lpp(r,z) rdr. (2.26)
dz (up -

It is important to note, that we assumed a pump beam propagating in the same
direction as the signal, which is known as forward pumping. For backward pumping,
the sign in Eq. (2.26) will change.

A more restrictive assumption is that all ions at any point (r, 6, z) in the fiber core
have the same transition cross-section. This is equivalent to assume homogenous
broadening, which is not correct for glass hosts, such as in doped silica fibers. A
derivation of the more general case is given in [1], but it is beyond the scope of this
dissertation.

Emission and pumping rate
‘Substituting Egs. (2.19) and (2.22) into Eq. (2.2) gives for the stimulated emission rate

Wap(r,2) = hv:rswz Py(z)ps(r)- (2.27)

In a similar way, the pumping rate is given by
o
Ryy(r,2) = Y pwz By(z)yp(r)- . (228)
p
Multiplying Egs. (2.27) and (2.28) by the lifetime 1, , together with Eq. (2.17), allows us
to introduce the saturation power P and B™

Pssat - IssatmuSZ; Ppsat _ I,s,atmu; (2.29)

at signal and pump wavelength, respectively, so that the emission and absorption rates

are written as

Pz
Win(r, 2 = By, () @30)
s
P(2)
Ry(r,z)r = #q}p(r). (2.31)
4
We also normalize the signal and pump power to their respective saturation power,
namely
Pz R Py(2)
s(z) = ;Eat),po =PT?“' pl2) = lfsa, : (2.32)
s 5 r
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Substituting Egs. (2.30) and (2.31) in (2.9) and (2.10), one gets for the population density

of level 3 oole)
p(zhy,(r
Na(r)=p 4 2.33
P @)+ ) >
and for the population density of the ground state
Ny (r) - p—gXEs(1) (2.39)

s (p zZhp,(r) + s(z)ys (r))
To take into account the distribution of the dopant concentration p across the fiber core,
we define a dopant profile p(r) and the maximum concentration g, After substitution of
Egs. (2.33) and (2.34) into (2.25) and (2.26), using (2.32), we find for the differential
change of the signal power and the pump power in the fiber amplifier

Zz =2pg 2(5+2P0)p( ),I~ ()WS 1+}7(Z)‘lp;lzp()

)+
1+5(z)1/’s( )
dz " ~2pp 277 f '/’p 1+p(z)y, (’)*5(2)w5(r)

) rdr (2.35)

s(2hs(r

(2.36)

This set of equations is numerically integrated in both directions, over the entire
spectrum. This leads to rather cumbersome computing, but it is the only possibility to
take into account the saturation of the gain and the spectral properties of the transition.
Some simplification can be made for the dopant distribution p(r) and the mode
envelope y(r). They are described in [1].

Double-clad doped fibers

When working with large size multimode pump laser diodes, the pump beam cannot
be launched into the single-mode core. Thus, doubleclad doped fibers must be used. In
double-clad doped fibers, the single-mode doped core is surrounded by a large
multimode core, which guides the pump light. The pump power is progressively
absorbed by the core (see § 4.1 for a complete description of double-clad doped fiber
amplifiers).

The pump distribution is not anymore a LPy; mode. However, Egs. (2.18) and (2.19)

still apply so that
¥p(r6)

f Y,(r.6) rdrdo (2.37)
S

where y, is now the intensity profile of the multimode pump beam. In a first
approximation, we can consider that this profile is constant (y;, = 1) over the double-
clad cross-section. Thus, Eq. (2.37) reduces to

L(r,6) =P,
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5
Ip(r,B) =— for r <1y, (2.38)
elad
where 7,,, is the radius of the multimode core. This assumption is however not strictly

true, as demonstrated experimentally by Bedo et al. [18] through the measurement of
the absorption coefficient. The intensity profile is more complicated. However, for the
following, we will use Eq. (2.38) for the intensity distribution. Substituting Egs. (2.1),
(2.2), (2.9) and (2.10) into Egs. (2.11) and (2.12), using Eq. (2.38), we get the differential
intensity change for signal and pump, respectively

dl, p(2) polr) v(r)
= = poos(ls + 200) £ rdr
RS o e
Ii(z)
£ WS(')
dl, o(r) * 1
2 ‘Pooplp(z)fz L@ 1,(z) rdr. (2.40)

I;at I:at 5( )

As a consequence of the large multimode core for the pump beam, the pump intensity
I, =P, / ’Wczlad is relatively small, even for high pump power. Thus, we can assume that,
for pump power below 10 W, the pump intensity I, is smaller than the pump saturation
intensity 1,5,“'. In this case, Egs. (2.39) and (2.40) reduces to

dl (2) p(r) . "/)s(r)

rdr

P Poos( 210) IS“‘ o0 1,(2) (2.41)
T+ —=—Cy(r)
Isat
dl
p o(r)
—E- -Pooplp(2) o rdr, (2.42)
and we get, after substitutions,
r
fp(r)~TIw;( ) o rdr
Ys\r
d o I (2.43)
e (15 +21p) .

hvp f p(r) rdr

Moreover, the signal intensity can be higher than the signal saturation intensity so that
Eq. (2.43) further simplify to
1, v+ 20)8le) v, dle) 2an
dz vy, I(z) dz vy dz

This is the case of a fully saturated amplifier for which every pump photon is converted

into one signal photon.
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2.2.2 Strongly pumped amplifiers

Hardy and Oron [19] proposed an analytical solution for strongly pumped double-
clad fiber amplifiers. In a first step, they assumed that either the pump or the signal, or
both, are large compared to the amplified spontaneous emission (ASE). Then, they used
their model to take into account ASE and Rayleigh backscattering [20}. Oron kindly
proposed to make some calculations for me and then even gave me the code of this
program for further studies.

For information, we reproduce the equations of [19] in the case of backward pumped
amplifiers (signal and pump are travelling in opposite direction). The signal and the
pump along the z axis are given by

P; () = B (L)exp [R(L - 2)/(1+ )] $(L-2) (2.95)
Py(z)e P,,(o)[P;(o)/ P;(z)]" exp (-Rz), (2.46)

with the following definitions
C,C
(+5%¢,)

A l+q -
fo-a] - -op(Cii+qfL-2) @4
‘1 - (Ca/C4)[¢(L - Z)]
o

"o,k @9
R=T,0,N +a2,)-a(i)g (2.49)

ATio,(2;) P(L)
G = T, B0 (2.50)
Cy =[a(2s)+ R/(1+9)]- (2.51)
C4 = Ts0,(A)N - R/(1+4) - a(A;), (2.52)

where the power filling factor for the pump T}, & Ay [ Actadaing 1S the ratio of the area of
the core and the area of the cladding (including the core), in the case of double-clad
fiber, and the power filling factor for the signal T s 1. A typical value for I'y is 0.75 [19]..
The model is then extended to take into account the ASE in channel of bandwidth AA
[20]. A comparison between experimental results and this model are presented in
§4.4.4.
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2.3 Comparison of ESA cross-section at 1.3 ym for
different Nd3+-doped fibers

At the early days of fiber amplifiers, gain was not possible around 1.3 pm.
Neodymium doped silica fibers, which seemed to be good candidates, have problems
with excited state absorption (ESA) around this wavelength and with the competing
laser transition at 1.06 pm. For this reason, most of the installed optical amplifiers have
been designed for 1.5 pm, in the third telecommunication window, instead of the
second telecommunication window at 1.3 pm.

Since then, some solutions based on other host materials have been proposed, like
Pr3+ZBLAN (fluoride based glass) fibers or GaLa$ glasses {21] [22] [23]. However, it is
interesting to better understand the ESA mechanisms for the 1.3 pm transition in Nd3+
doped silica fibers.

It is known that Al;O3 doping of silica shifts the position of the 1.06 pm transition in
Nd3+ fibers and reduces the excited state absorption [24]. Is this sufficient to allow gain
at 1.3 ym? Is it possible to introduce other material in the core to increase this effect? For
this reason, we have comparatively investigated the ESA spectra for Nd3+-silica fibers
co-doped with Ge, Al or Cs.

2.3.1 Principle

Assuming that both pump and signal power are much smaller than their respective
saturation power (the so called small signal gain approximation), it is possible to
rewrite Egs. (2.35) and (2. 36) in the form

ds

€z 2po (Vs + 2Po f_u’sll’p( r) rdr (2.53)
d_ -2 Ll A 2.54
b f vy (2:59)

Substituting Eq. (2.54) and the deﬁmtxon of Eq. (2.32) into (2.53), we find
2 P(’)

) Yy d
PV oo *° plr) rdr dF,(z)

dP. o.T
=S .25 (R, +2R) (2.55)

dz hVPm"S mo; f ﬂ(QWp rdr dz
Po

Using the definitions in [25], this last equation can be written in the form

dr; _ Oetf? 1 1 PO) F dBys (2.56)
dz hvp A dz ’
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where 0,4 , the effective transition cross-section, has been introduced to take into
account the ESA, F is the overlap integral between signal and pump mode, 9, is the
fraction of pump power within the fiber core, Ay is the area of the signal mode (related
to the core size) and dPgps/dz = -dPy/dz is the absorbed pump power per unit length.
Integrating Eq. (2.56) over the fiber length leads to

o P ) _ogTF 1
( s(z-O) +h hV Mp Af
where Py is the total absorbed pump power and the left hand term is the small signal

gain, which can be measured, and is usually given in dB. After taking the logarithm,
Eq. (2.57) becomes

O = el P S =C 2.58
o= 10loge T F P G["’B] 0" Gas], (2.58)

where Giyp; is the small signal gain in dB.
For a transition suffering from ESA (Fig. 2.1), the effective transition cross-section oy

(2.57)

‘Tabs,

is the difference between the stimulated emission cross-section ¢ and the ESA cross-
section Ogs4 [26]
O'eﬂr =0 —-O0ESA- (259)

At a wavelength where no ESA transition occurs (i.e. ogsa = 0, for instance at 1.06 ym),
the effective transition cross-section is directly given by the stimulated emission cross-
section, namely Oeff = O, which is consistent with the previous notation. It is then
possible to define the constant Cy in Eq. (2 58) simply through

Co=— (2.60)

G[aa]

In a first approximation, the stimulated emission cross-section can be evaluated
using the Fuchtbauer-Ladenburg equation [27], [28]1
4

Opeak = #&"“‘ (2.61)
8mcn rAAeﬂc ’

where Amax is the fluorescence peak wavelength, c is the speed of light in vacuum, n is

the index of refraction and AApis the effective linewidth of the transition. The effective

linewidth is calculated from the fluorescence spectrum. The complicated lineshape of

the transition is replaced by a rectangular shape of height g, and the same area as the

one under the fluorescence spectrum. The spontaneous radiative emission lifetime is

related to the measured fluorescence lifetime through [1], (28]

1 A discussion of the validity of the Fuchtbauer-Ladenburg equation is given in [1]. The values for the

emission cross-section are in general overestimated with this method.
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T fluo
R LY (2.62)
B
where B are the branching ratios between radiative and nonradiative transitions (see

Fig. 2.4). Values for g are given in [29].

If we assume that the spontaneous and stimulated emission spectra both have the
same lineshape, it is possible to extract the spectrum of the stimulated emission cross-
section Ostim(A) by normalizing each transition of the fluorescence spectrum to the Opeak
given by the Fuchtbauer-Ladenburg equation. Following Eq. (2.59), the ESA cross-
section spectrum is then obtained by calculating the difference between the spectra of
the stimulated emission cross-section and the effective cross-section of the transition.

2.3.2 Experimental results

We measured some Nd3+ -silica fibers containing different co-dopants in the core.
Three of them were manufactured by the Swiss Center for Electronics and
Microtechnology (CSEM), the other one by York Technology Ltd. Their characteristics
are given in Table 2-1. The concentration of Nd3+ is obtained from comparison of their
absorption coefficient with reference samples, as described in [30] and [31].

CSEM 060592 | CSEM 210192B | CSEM 160491B | York ND95020E
Co-dopant Cs Cs Al Ge
Attenuation at 42 20 470 13
800 nm [dB/m]
Concentration 955 455 10700 295
in Nd3+ [ppm]

Table 2-1: Concentration of Nd and co-dopant.

The measurement of the fluorescence lifetime was performed using either the
conventional impulse response technique or the frequency transfer function method
[32]. The results are listed in Table 2-2. We see that cesium increases the lifetime of the
4F; , level, which is the common upper level for all three transitions at 0.9 pm, 1.06 pm
and 1.3 pm (see Fig. 2.1). This increase of the lifetime was confirmed by measurements
made at the CSEM.

060592 | 210192B | 160491
Lifetime [ps} 507 512 336
Table 2-2: Measured fluorescent lifetime for the different fibers.

ND95020E
472

The fluorescence spectrum was obtained by axial detection at the end of the doped
fiber (Fig. 2.5). By carefully adjusting the pump power, one can be sure that the
spontaneous emission is greater than the stimulated emission. This is true if the
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fluorescence power is less than 30 pW, a typical value for our Nd3+ doped fibers [32].
The fiber lengths for this measurement were around 1 m, except for the highly doped
fiber, which was only 0.1 m long only. We found the expected 20 nm red shift of the
1.06pm transition for Ge co-dopant [33]. We also measured a 30 nm blue shift of the 930
nm transition for Cs co-dopant, similar to the one described in [33] for Al

'3 1.0 T ::
S, I — 060592
s L S SR 160491
‘§ 0.8 "' 1 ---+- 210192
2. Y —-- ND9Y5020E
%) \ ,
g : Y
g 0oy AN
% :-\I \ ] \% \
04 -
= A0 it
] iy \ H 1 "
N 0.2 i 1 by
g i \'\ B 3
6 ¥4 R R e
z 0.0 e
900 1000 1100 1200 1300 1400 1500
Wavelength [nm]

Fig. 2.5:  Fluorescence spectra for the different fibers. (Spectra not corrected for the spectral
response of the detector).

The stimulated emission cross-section spectra are then calculated, using Eq. (2.61).
They are shown in Fig. 2.6. It can be seen that the Ge co-doped fiber (ND95020E) is less
efficient. The cross-section around 900 nm is almost equal to the cross-section around
1.0£ pm, in agreement with the gain measurement (see Fig. 2.8).
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Fig. 2.6:  Stimulated emission cross-sections for Nd3+ doped fibers.
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Spectral gain measurements were performed using a semi-conductor laser diode
pump (810 nm), co-propagating with the signal from a white light halogen source, as
shown in Fig. 2.7. Lock-in detection was used through a Jobin-Yvon HR250
spectrometer, with additional filters to block any residual pump light. With this
configuration, the amplified spontaneous emission is filtered.

White light source

W Si
1 Signal

Fiber amplifier

Pump  Dichroic filter
T >90% @ 800 nm
R>90 % @ 1064 nm

Fig.2.7:  Set-up for the measurement of the small signal gain in doped fibers.

The signal power is sufficiently small to neglect gain saturation. The measured gain
spectra between 850 nm and 1400 nm in Fig. 2.8 show clearly the three transitions
(0.92 um, 1.06 pm, 1.34 pm) and the excited state absorption (1.31 pm). Only the 060592
Cs co-doped fiber shows measurable gain near 1.3 pm. The gain at 1.35 pm is 0.032 dB
per mW of absorbed pump power. However, the gain is also much higher at 1.06 pm
than for other fibers, because of the longer fluorescence lifetime, so that most of the
emission will take place at this wavelength.

— 060591

- ----- 160491
- 210192
~-~ ND95020E

Spectral gain [dB/mW]

900 1000 1100 1200 1300 1400
Wavelength [nm]

Fig. 2.8:  Spectral gain versus absorbed pump power for Nd3+ doped fibers.

Following Eq. (2.60), the effective transition cross-section is obtained by
multiplication of the gain spectra with the constant C,. Fig. 2.9 shows the resulting ESA
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cross-section around 1.3 pm for the four fibers. These results show that the maximum
value of the ESA cross-section can be reduced by co-dopants [24], particularly with
cesium (Cs). This is the reason for the observed gain at 1.35 um. However, it is not
possible to increase the total gain at 1.3 pm by launching higher pump power into the
fiber, because of the competing 1.06 um laser transition.

— 060592
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Fig. 2.9:  Comparison of ESA cross-section around 1.3 um for Nd3+ doped fibers.

It is evident from these results, that Nd3+ -silica based fibers are not suitable for
amplification at 1.3 pm, even when using Cs co-doping. In fact, the peak of the ESA
does not shift according to the co-dopant, as we expected at the beginning of these
measurements. The gain is always saturated by the 1.06 um transition, which shares the
same upper level and has a much larger stimulated emission cross-section. To
overcome this limitation, we proposed to place a ring of Yb3* around the Nd3+-doped
core, to produce distributed losses at 1.06 pm. In such a configuration, the laser effect
should not build up and more ions should be available for the gain at 1.3 pm. A fiber
has been drawn by the CSEM. We measured its fluorescence spectrum (Fig. 2.10) and
found a strong dependence with the fiber length, consistent with distributed loss at 1.06
#m. However, almost no fluorescence was seen at 1.3, and no measurable gain was

found at 1.34 um.
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Fig. 2.10: Fluorescence spectra of fiber 030795. Containing a ring of Yb3* to generate
distributed loss at 1.06 ym.

In fact, the Cs did not play its role, so that the expected gain around 1.3 pm did not
show up. The fluorescence of the Nd3+ jons was absorbed by Yb3+, so that no stimulated
emission did build up at 1.06 um. However, the fluorescence of the Yb3+ ions was
partially guided, which explains the observed shift of the fluorescence towards longer
wavelengths (Fig. 2.10). Since the results were not encouraging, no further
investigations were undertaken with this type of fibers.
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3 The concept of coherent
space communication
systems

URING these last years, there has been such an increasing request for mobile

communication that new global approaches had to be studied. Satellite networks
appeared to be a good solution. Iridium, a system owned by Motorola, is the first of
these global satellite communication networks. Working since October 1998, it consists
of 66 satellites in low earth orbit (LEQ). The communication between the different
satellites is based on radio frequencies. Thus, the system has been mainly designed for
voice transmission. Celestri, by Motorola, with 63 LEO and 9 geostationnary earth orbit
(GEO) satellites and Teledesic with 288 satellites [34] have been designed for higher
data rate. Celestri relies on optical transmission between satellites to insure its large
data rate. Recently, Celestri and Teledesic have been joined into one common project.

Optical communication has many advantages over RF transmission systems in space,
mainly in terms of flexibility, power consumption, weight and costs. However, the first
investigations on optical intersatellite links were based on direct detection of the laser
beam and were still bulky and heavy. Thus, it became rapidly evident that optical
coherent communication was the only way to achieve the requirements of space
communication [35] [36], as it is only limited by quantum noise. Moreover, it is less
sensitive to background illumination than direct optical detection and allows closer
channel spacing. For this reason, and within the context of global communication
networks, the European Space Agency (ESA) proposed a project called SROIL (Short-
Range Optical Intersatellite Link) to demonstrate, over short distance, the feasibility of
optical data transmission between satellites. The contract for the development of this
system was awarded to Contraves Space in Zurich. IMT Neuchatel was a subcontractor
in charge of the fiber amplifier development.

Section 3.1 summarizes the basic theory of coherent optical communication while
section 3.2 describes the SROIL project.
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3.1 Summarized theory of coherent communication

Coherent optical communication has mainly two advantages over direct detection
scheme [37]. First, higher sensitivity is achieved because the power of the local oscillator
can be set arbitrarily high so that the detection is limited by the quantum noise of the
received light. Quantum noise is much lower than the multiplication noise in avalanche
photodiode or the thermal noise of the load resistance, which dominate in direct
detection. It can be shown that direct detection requires hundreds of photons per bit,
which is above the quantum limit of 10 photons per bit normally attained with coherent
systems, assuming a bit error rate of 109 (see § 3.1.3 for a definition of the BER). The fact
that terrestrial networks operate usually with direct detection schemes results from the
possibility to implement optical amplifiers in the fiber lines at certain intervals.
However, in space where weight and high reliability over long lifetime in orbit are the
most important criteria, coherent detection seems still to be the best solution.

The second advantage is the increased selectivity of the receiver. It allows better
packing of the channels in the frequency domain, an important aspect for high data rate
transmission. Furthermore, the sensitivity to high intensity broadband sources like the
sun, the planets or certain stars is largely reduced. 1t becomes even possible to
communicate with the sun in the receiver field of view, when a coherent tracking sensor
is used. Moreover, constant envelope modulation schemes, like frequency shift keying
(FSK) or phase shift keying (PSK), reduce transient phenomena.

Using the semiclassical description of noise and following the treatment of [1]
(mainly ch. 3), [37] and [38], we will analyze the general case of heterodyne coherent
detection and its sensitivity to noise. The contribution of the optical amplifier to both
phase and amplitude noise will be reviewed in chapter 5.

3.1.1 Heterodyne coherent detection

In heterodyne systems, the receiver combines the signal beam with a reference beam
coming from the local oscillator, as shown in Fig. 3.1.

’
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Signal YW detector
g
. o
2y, 40,
E]oe (amng+ g !
8
]

Fig. 3.1:  Principle of heterodyne detection.
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The frequency of the local oscillator and the emitter must be locked, using an optical
phase locked loop. We will see later (§ 3.2) the conditions required for such systems.

The electrical signal on the photodiode is given by
By, = EZ + Efy + 2E,E); -cos(2nAvt + Ag) = Py + B, + 2[R B, -cos(2mavt + Ag),  (3.1)

where P, is the optical power on the photodiode, F; = Eg and B, = E,ZO are the power of
the incoming signal and the local oscillator, respectively, Av is the frequency difference
between the two beams and A¢ is the phase difference.

3.1.2 Signal-to-noise ratio

The mean number of photons arriving on the detector during the integration time tis
Pt i
B (3.2
n, = , .
L
where h is the Plank constant and v is the frequency of the light. The integration time is
related to the electrical bandwidth through

1
= 33
e = o 3.3)

Reference [12] (Appendix A) describes in more detail the different definitions for the
electrical bandwidth. The mean number of electrons created in the photodiode is
fly =Nty + 1y, (3.4)

where 7 is the efficiency of the photon-electron conversion and 7, is the number of
electrons generated in darkness (which produce the dark current of the photodetector).

The current is simply the product of the number of electrons by the charge of the
electron divided by the integration time. Thus, using Egs. (3.2) and (3.4) we get

- Poptt -
le=£(n opt +ﬁd)=:l—2 ot + s (3.5)

T\ hv
where e is the charge of the electron, i;is the dark current and Pyt = Pg+Pyy is the mean
power on the photodiode according to Eq. (3.1). The term en/hv is referred to as the
spectral sensitivity S of the photodiode. The optical power can be set to a level such that
the first term of Eq. (3.5) is predominant, so that the dark current can be neglected.

The statistics of the number of detected photons follows a Poisson distribution. The
fluctuation (variance) of the current is directly related to the fluctuation < An? > of the
number of detected photons, which is equal to the mean value ne for the Poisson
distribution. Thus, the corresponding noise becomes

2 : P +P
< 8i%, >=< An? > 55 = 2¢B,i, = 2eBen((S—+ﬁ) : (3.6)
T hv

This contribution to the noise is referred to as shot noise.
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The electronics used with the photodetector is responsible for thermal noise or
electrical noise, sometimes called Johnson noise. This source of noise is related to the

capacitance of the photodiode and the temperature. The equivalent current noise is [38]

<A e 2k72‘C . 4k;Be, 67
T

where k is the Boltzman constant, T is the temperature, C is the capacitance and
B, =1/27 « 1/2RC.

The signal-to-noise ratio is defined as
.2 .2
SNR = <lg > <lg > (3.8)

2 =oAL 2
< Alypice > < Aigy, >+ < Al >

where i, is the photodetector current, corresponding to the information.

The relevant information in coherent optical communication is the beat signal
Pyig = 2,[F;B, *cos(2nAvt + Ag) (39)
in the optical power Py, on the photodetector (Eq. (3.1)). The corresponding power of
the electrical signal is given by the averaged value of the square of the photodetector

current
2
<il> =<4RR, cos’(2nAvt + A¢)> (e_'l}
2 hv (3.10)
=2 (_eﬂ\ -P.P.. .
\ hv } stlo
Combining Egs. (3.6), (3.7), (3.8) and (3.10) we get for the signal-to-noise ratio
SNR = 2P$}Jlo 5 (3 11)
2B,hv 4kTB, { hv .
. (Ps+PIo) + £ (;’-)

When the power of the local oscillator is set sufficiently high (P}, >> P.), the second
term in the denominator (electronic noise) can be neglected and the SNR reduces to

SNR =5 (3.12)
B
v

Therefore, for a coherent system, the detection is limited by the shot noise of the optical
power P, of the incoming signal only!

3.1.3 Bit error rate

In communication, the ultimate parameter is the number of photons to be detected to
achieve a given bit error probability (BER). The required BER for space
telecommunication systems is usually < 10°. For shot noise limited detection and in the
case of amplitude modulation, it is straightforward to find the probability for an error,
i.e. to detect zero photon for an average number of 77 photons, from the Poisson
distribution of the signal, namely
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p(n=0)=e"". (3.13)
In the ideal case n = 1, we get for p(n=0) = 10 a minimum number of photons 7 = 21,

assuming no coding.

Coherent optical communication is the only solution to reach this fundamental limit.
The mean number of photons required for the communication depends on the detection
scheme and on the coding of the information, as summarized in Table 3-1 for the case of
phase, amplitude and frequency shift keying, PSK, ASK and FSK, respectively [37], [39].

PSK ASK FSK

Homodyne 9 18 36

Synchronous heterodyne 18 36 36

Table 3-1: Minimum number of photons/bit for different coherent optical communications
systems, assuming 1 = 1, a BER of 10-9 and without coding.

It is even possible to reduce the number of photons to 5, when the powers of the local
oscillator and of the signal are equal in Eq. (3.11); it is the so-called “super quantum
limit”. Such high sensitivity detection can also be performed using a special
synchronization technique, as reported in [40]. This detection scheme is the basis of the
SROIL (Short Range Optical Inter-satellite Link) transmission system.

A discussion of BER for coherent and incoherent transmission systems is reported
in [36], showing clearly the important difference between these systems, as can be seen

in Fig. 3.2. s
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Fig. 3.2:  Theoretical sensitivity limits of coherent and incoherent communication systems,
compared with the practically achievable performance (after [36]).
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3.2 Coherent optical communication in space: SROIL

There have been already several attempts to build optical intersatellite links. The
European Space Agency (ESA) proposed many programs [35] [36], starting with
homodyne systems based upon CO, lasers, later upon Nd:YAG oscillator and then with
SILEX (Semi-Conductor Inter Satellite Links Experimental [41]). SILEX «has been
dimensioned using the limited laser diode power available at the end of the 1980's,
namely 60 mW average power at 830 nm [35].» The result was a 25 cm aperture
telescope, a mass of 157 kg and an electrical power consumption of 150 W, providing a
data rate of about 150 Mbit/s for inter-orbit links (LEO-GEO). Thus, SILEX was hardly
an attractive alternative to a RF terminal.

In order to demonstrate the miniaturization potential for optical terminal when using
advanced technologies, the ESA has started a new project named SROIL (Short-Range
Optical Intersatellite Links). One of the early results of the development work
performed in the frame of this project was to confirm that coherent detection schemes
offer the highest miniaturization possibility for high data rate (over 500 Mbit/s) free
space communication, and also the best growth potential towards even higher data
rates [36].

3.2.1 The goals of SROIL

The SROIL project has been proposed for the following missions [35]
- cross-links between low-Earth-orbiting satellites in global satellite networks such
as Iridium or Teledesic
- cross-links between co-located telecommunication satellites in geostationary orbit
(high data rate)
- cross-links between widely spaced geostationary satellites (medium data rate)
A demonstration unit, including optics, electronics and all other relevant parts had to
be build in order to demonstrate the feasibility of the system.

According to the mission scenario described in [42], the system has been designed for
links in the range of 1200 km to 4000 km, using a Binary Phase Shift Keying (BPSK)
homodyne system for a data rate of about 1.5 Gbps and a Bit Error Rate (BER) of 10-9.
The mass of the terminal head is below 10 kg and its electrical power consumption is
lower than 40 W. The telescope has a diameter of only 3.5 cm.
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3.2.2 Proposed solution

To achieve coherent detection, the frequencies of the local and the master oscillators
must be locked. This is only possible for lasers with good spectral quality. At the
beginning of the project, there was no such laser available in the 1.55 pm
telecommunication window but only at 1.3 and 1.06 pm (Table 3-2). Amplifiers
compatible with space applications are not yet available at 1.3 pm, so that the system
was finally based on a commercially available diode pumped single-frequency Nd:YAG
lasers at 1.06 um. Single-frequency fiber lasers were not taken into account at that time
because there was no commercial solution available. More recently, Ionas A/S
(Denmark) started to sell very good distributed feedback fiber lasers, which may be
used for this application (see § 6.1.3).

Wavelength [um] Amplifier
08 emi-conductor
1.064 High power Nd:YAG Fiber (Nd3+, Yb3+)
solid state (Nd3+, Yb3+),
semi-conductor
1.33 Low power Nd:YAG orilmear effects; ZBLA
1.55 | Fiber (Er3+), semi-conductor

Table 3-2: Review of the elements required to build a coherent communication system, as
available at the beginning of the project.

The optical power required for the SROIL terminal is in the range of 1 W. Nd:YAG
lasers with such power are available. However, they must be combined with phase
modulators and optical isolators, which are, for this power level, rather bulky and
heavy. The modulator would also operate close to its damage limit. This is not
compatible with the idea to keep the communication system at low weight and high
reliability. Moreover, power scaling of single-frequency lasers seems difficult. For
theses reasons, we have chosen a Master Oscillator Power Amplifier (MOPA) structure
(Fig. 3.3), using a low power single-frequency Nd:YAG laser with output power around
100 mW, a modulator and then a high power optical amplifier to achieve the required
output power.
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Fig.3.3: Concept of coherent communication system using Master Oscillator Power
Amplifier.

In our experiment, the Master Oscillator is a single-frequency Nd:YAG laser from
Ligthwave Electronics. It has a linewidth <5 kHz over 5 ms and an output power of
100 mW. Taking into account the insertion loss in the isolator, the coupling loss to the
fiber and the losses in the modulator, we assume that 10 mW are available at the fiber
amplifier input. Thus, a gain of at least 20 dB is necessary to obtain the required output
power of 1 W. The Power Amplifier is based on double-clad doped fibers pumped by
laser diode arrays [43] [44] [45].

IMT has been chosen by Contraves Space as subcontractor to build a fiber amplifier
at 1.06 pm for this specific application. This project was the motivation for our work on
high-power fiber amplifier systems. It served also as a basis for collaboration with the
University of Bern and for the publications made within the context of this dissertation.
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4 Power fiber amplifier

HE only way to reach high power in doped fibers is. to use a double-clad structure.

Such fiber amplifiers are very efficient, because they can be pumped with high
power laser diodes. Due to the large outer core area, the system is not very sensitive to
pump misalignment, which is of great advantage for space applications. However, a
large outer core will reduce the absorption of the pump power, resulting in an increase
of the required amplifier length. The gain in the high pump and high signal regime is
not sensitive to the fiber geometry, but rather to the dopant concentration. Therefore, a
careful adjustment of dopant concentration and outer core diameter is important in
order to fulfill the requirements.

To get maximum coherent detection signals, the polarization of the signal and of the
local oscillator must be the same. Thus, it is necessary to control the polarization at the
output of the amplifier.

In order to increase the output power of single-frequency sources, we combined a
fiber amplifier and a crystal amplifier in a dual-stage configuration. This opens the way
towards extremely high output power, though loosing the guiding properties of the
fiber system.

This chapter presents the results of investigations on Nd3+ -doped fiber amplifiers
with different dopant concentrations. Section 4.1 describes the concept of double-clad
doped fibers and gives the parameters of the fibers we studied. Section 4.2 is an
overview of the different pumping conditions. Sections 4.3 and 4.4 report the most
interesting results we obtained in terms of polarization stability and output power. The
study of the dual stage amplifier, developed in collaboration with the University of
Bern, is described in section 4.5.

The results presented in this chapter have been published by the author as regular
paper in the J. of Quantum electron. [46] and in. Photonics Technology Letters [47].
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4.1 Description of the fiber amplifier

Efficient coupling of pump light into single-mode core is difficult for powerful multi-
mode laser diodes with large junctions (typically a few 100 of pm); passive beam
shaping cannot convert the multi-mode emission into the single-mode accepted by the

fiber amplifier core.

In double-clad doped fibers however {43] [44] [45], the single mode core is
surrounded by a large multi-mode area into which the pump power can be launched
without problem, as shown in Fig. 4.1. Pump light is then progressively absorbed by the
doped core, opening the way to high signal output power. Guiding in the outer-clad is
obtained by the use of a coating that has an index of refraction lower than silica glass.
The simplest geometry is, of course, a centered core in a circular multi-mode guide.
Such fibers are commercially available; they have been used for all our investigation.
The effect of other designs are reported in [48] and a multicore geometry is proposed
in [49].

Prism, silica Refraction index
Side pumping

Index matching oil

)
: g’
£ B I -
§ X X D
a, »mmmwm o =
= XA, N, % ]
£
=]
v Silicone, n=1.4  Inner core, Nd doped, Outer core, silica,
n=1.46, NA=0.1 n=1.457, NA=0.4

Fig. 4.1:  Front and side pumping of double-clad doped fiber. The coating has an index of
refraction lower than the cladding. Therefore, the cladding is a multi-mode core

around the single-mode centered core.

The double-clad technique increases the absorption length [18] so that either high
dopant concentration or long fibers are required to absorb efficiently the pump. In long
fibers, the absorption at the signal wavelength will reduce the efficiency of the
amplifier, since the gain must first compensate for the propagation losses. Long fibers
are also more sensitive to cosmic radiation. Radiation increases the absorption in fibers
and the induced losses are proportional to the fiber length. On the other hand,
propagation losses depend mainly on the fabrication process and cosmic radiation
induced losses do not seem to be influenced by the dopant concentration [50] [51] [52].
For these reasons, we have chosen to increase the dopant concentration to keep the fiber

short.
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The pump power can be launched directly from the front end of the fiber, or from the
side, using different techniques [53] [54] [55]. We tried front and side pumping, always
in single-pass configuration. A double-pass system would not give more output power
for a completely saturated device and the amplifier would be more likely to oscillate.

Pump absorption in double-clad fiber strongly depends on the shape of the fiber coil.
For fibers coiled on a cylinder, the absorption increases for decreasing radius of the coil.
However, this may not be sufficient to get complete absorption of the pump power. For
this reason, Zellmer et al. [48] proposed to coil the fiber in a kidney shape. We used this
approach in most of our experiments.

/ Double-clad doped fiber

Fig. 42:  Typical kidney shape used within this dissertation to coil the double-clad doped fiber.

Table 4-1 gives the parameters of the fibers we used. The first one was made by the
CSEM (Centre Suisse d’Electronique et de Microtechnique, Neuchatel Switzerland), the
others by the IPHT (Institut fir Physikalische Hochtechnologie, Jena, Germany). All
these fibers were manufactured in silica glass; they have a single-mode core centered in
a circular multi-mode core. Their concentrations are deduced from the absorption at the
pump wavelength, using calibrated samples of doped fibers [30] [31].

CSEM 100192B {53] | IPHT 45SK 3 IPHT 152 SK 4
Beore [PM] 7 4 3.4
NAcore 0.1 0.19 0.22
@cladding (FM] 160 200 180
NA adding 0.4 0.4 0.4
Signal loss 1.2 0.58 0.66
(1060 nm) [dB/m]
Pump attenuation 440 750 1200
(800 nm) [dB/m]
Nd3+ [weight] 1% 1.7 % 2.7%
Lifetime [ms} 330 270 230

Table 4-1: Parameters of the double-clad doped fibers. Concentration are computed using [31].
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Some fibers were specially drawn for us by the team of Dr. Tosin (IAP, Berne).
Unfortunately, they did not reach the required dopant concentration or had excessive
loss at the signal wavelength. For this reason, they are not considered in this work.

The amplifier is working in counter-propagation, which is the best solution to
maximize the output power [56]. Thus, our amplifier is similar to most of the systems
going towards higher output power [57]. There is however a degradation of the noise
figure (see § .5.1 for a definition of noise figure) for counter-propagating amplifiers, but
this is not critical for phase modulated signal as in the case of coherent communication
systems.

Fig. 4.3: IR view of a double-clad fiber amplifier pumped by the Fisba laser diodes module.
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4.2 Pumping of double-clad doped fibers
42,1 Front pumping

Front pumping is the most direct method to launch pump power into double-clad
doped fibers. It is suitable for fiber lasers, because only one end of the fiber is used as
output. Thus, the other end is free for pumping. In amplifiers, however, the problem is
a bit more difficult. Both sides of the fiber are required to couple the signal in and out.
Thus, one end must be shared between pump and signal beam, requiring WDM
(wavelength division multiplexing) technique (see Fig. 4.13 and § 4.4.).

4.2.2 Side pumping *

In some early experiments, based on the CSEM 100192B fiber (see Table 2-1 and
Table 4-1 for a description of this fiber), we investigated side pumping through a prism,
as described in [53]. Side pumping is a very attractive scheme, because it allows to
maintain both ends of the fiber free, which makes signal coupling easier. In addition,
repetitive pumping is possible, and thus higher pump power is available. With a
Ti:sapphire laser as pump source we obtained a coupling efficiency of the pump power
into the 160 pm multi-mode core of nearly 60 %. We tried then to launch pump power
from a high power laser diode module (Fisba Optik: NA = 0.56, spot size = 186 pm x
332 um, P = 23 W cw at 805 nm). With this module, we were not able to reach sufficient
coupling efficiency. The method is too sensitive to beam quality.

4.2.3 Effect of the coil shape on the output power

We investigated the effect of the coil shape on the output power, according to [48].
Using a 25 m long 45 SK3 fiber, we measured the output power in the signal direction
for different coil shape, when the amplifier is working as a superfluorescent fiber laser
(SFL). This gives a good estimation of the possibilities of the amplifier. As expected, we
observed a strong variation of the output power, as summarized in Table 4-2.

Coil shape Fluorescence output
power [mW]

25 m coiled on ¢ 150 mm 200

5 m coiled on 8 90 mm, remaining part coiled on 8 150 mm 420

5 m in kidney shape, remaining part coiled on @ 150 mm 600

10 m in kidney shape, remaining part coiled on @ 150 mm 860

12 m in kidney shape, remaining part coiled on @ 150 mm 900

Table 4-2: Effect of the coil shape on the fluorescence output power.
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Using the last configuration described in Table 4-2, we obtained 1.3 W in the amplified
signal, as will be shown later in this chapter.

4.2.4 Effect of the pump linewidth

The transition used to pump Nd3+ doped fibers is large. However, changes in the
center wavelength or in the linewidth may affect the pumping efficiency. We
investigated theoretically, using a simple model, the effect of the pump linewidth and
the pump center wavelength on the absorption by the doped fiber.

The absorption and emission linewidth are assumed to be of Loretzian shape
([12] p. 444). Thus, the absorption coefficient a(A) of the fiber and the emission power
spectrum of the pump laser diode are given by their full width at half maximum
(FWHM) and their magnitude. One can find the amount of absorbed pump power
simply by integrating the pump power spectrum Py;,,,(A) over the absorption range as

"mBxX

Fops = f NcPaioe ()" [1 — e ""] 4.1)
Ammin

where A, and A, are the limiting wavelengths of the pump transition and 1, is the
pump coupling coefficient into the double-clad fiber.
This equation has been solved numerically for the 100192B fiber (Table 4-1) using the
following parameters:

- peak absorption wavelength Apesk = 802 nm

- absorption width FWHM AA = 28 nm

- peak absorption coefficient omax = 440 dB/m

- pump power Py ;. =1 W

- core diameter: 7 yum

- cladding diameter: 160 pm
For simplicity, . was set to 1 and the absorption coefficient was simply reduced by the
ratio of the area of the core and the clad (see § 2.2.1, Eq. (2.38) for a justification of this
assumption). We computed the absorbed pump power when the center wavelength
was moving around the absorption peak (Fig. 4.4). The effect of the spectral width of
the diode was also investigated (Fig. 4.5).
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The pump center wavelength is 802 nm.

This approach is unfortunately too simple. The absorption of the dopant is not

strictly a Loretzian and its magnitude is difficult to measure without specific

techniques [16]. The reduction of the absorption coefficient is also not exactly
proportional to the ratio of the area of the core and the clad [18]. Therefore, these curves
give only the tendency of the variation but not their exact magnitude. However, we see
that the variations are slow, so that the quality of the pump is not so critical.
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4.3 Polarization properties
4.3.1 Measurement of the polarization state

The polarization of the signal at the amplifier output was measured using a
polarimeter based on the division of wavefront, as described by Ulrich in [58] and
Azzam in [59] (Fig. 4.6). The system cannot separate left and right hand polarization
states but is sufficient to get the variations of the polarization states around a given

position.

Input ﬁb

Prism Wollaston at 45°
Fig. 4.6: Four detector polarimeter.

Wollaston

Detectors

AN
N
Polarization

The intensities I, I, I3 and I on the detectors are the projections of an elliptical

polarization state on four axes (90°, 0°, 45° and -45°), as shown in Fig. 4.7.

Fig. 4.7:  Elliptical polarization state with orientation a and ellipticity tan(e).

The Stokes parameters are defined through the intensities on the 4 detectors by [58]
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It follows that
a= -;— arctan(-‘;%)] (4.6)
2 2712
[(S_) _(s_z)] . @n
So So
From the definition of the ellipticity, we can define the extinction ratio as
12
Imax _[_1 ] “48)
Imin [tane

where I,y and Iy, are the intensities of the major and minor axis of the polarization

state, respectively.

The maximum acquisition rate of the system was 6 kHz. This frequency is low
compared with the modulation of the communication signal, but is sufficient to get
information on thermal and mechanical perturbations of the amplifier.

4.3.2 Stability of the polarization

Perturbations along the fiber can couple light between different polarization modes.
Such perturbations are due to variations in the geometry, the composition or the strain
in the fibers. They originate in the preform, during the drawing process or, simply, by
bends and twists of the fiber. Since the perturbations along the fiber are not known a
priori, the polarization state at the fiber output cannot be calculated directly. In this case,
a random distribution of the perturbations along the fiber is assumed usually [60].
Double-clad doped fibers suffer from this randomly distributed intrinsic birefringence.
Thus, a polarization controller is required to obtain a linear polarization state at the
output of the fiber amplifier. A Polarite™ all-fiber Babinet-Soleil compensator,
manufactured by General Photonics Co., was inserted in the amplifier to achieve the
desired polarization state. The stability of the polarization was then measured
according to the method described above.

We measured the extinction ratio at the output of an 8 m long passive amplifier (un-
pumped) coiled on a 10 cm diameter aluminum cylinder (fiber CSEM 100192B). In this
case, I, and I ; were simply measured behind a Glan-Thompson polarizer. We found
that the orientation of the polarization was stable within + 0.5 ° over a period of 8
minutes while the extinction ratio Imax/Imin of the maximum and the minimum
intensities was 125:1 over the same period. The thermal expansion of the aluminum
cylinder can change the birefringence in the fiber amplifier, and thus the polarization
state at output. In order to investigate this effect, we increased the temperature of the
cylinder from 20 to 40 °C. The orientation of the polarization did not change more than
3 ° while the extinction ratio decreased almost to 1 (a circular polarization) as shown in
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Fig. 4.8. However, it was possible to get the original polarization state simply by
adjusting the polarization controller (point A in Fig. 4.8).

After a complete temperature cycle without correction of the polarization controller, the
polarization state was slightly lower than the original value (point B in Fig. 4.8) but can
be corrected.

Ratiol_, /1,

204 o

0 i i f f

20 25 30 35 40
Temperature [C°]

Fig. 4.8:  Variation of the polarization as a function of the temperature of the aluminum

cylinder.

This experiment demonstrates that the thermal stability of the fiber is a critical point
for a coherent communication system. The temperature of the amplifier and the
mechanical stability must be carefully controlled in order to maintain the polarization
properties.

Then, we measured the polarization stability of a 12 m long amplifier coiled in a
kidney shape (fiber IPHT 152 SK 4). The polarization state at the output of the passive
(un-pumped) amplifier fiber is stable and the extinction ratio is always higher than
200:1 (Fig. 4.9 and Fig. 4.10).
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Fig. 4.9:  Stability over 1.6 s of the polarization state at the passive amplifier fiber output (fiber
152 SK4, 12 m long amplifier, coiled on kidney shape). The noise corresponds to a
variation of 1 least significant bit of the analog-digital converter in the acquisition
system. The sampling rate is 6 kHz.
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Fig. 4.10: Stability over 1.5 min of the polarization state at the passive amplifier fiber output
(see Fig. 4.9 for explanation on noise). The sampling rate is 100 Hz.

With the amplifier active (pumped), the system becomes more sensitive to
mechanical vibrations and to thermal fluctuations (Fig. 4.11). However, the extinction
ratio is again well above 200:1. The variations of the polarization are slow (seconds) and
can be corrected easily using a feed back loop.
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Fig. 4.11: Stability over 1.5 min. of the polarization state at the active amplifier fiber output.
The noise corresponds to a variation of 1 least significant bit of the analog-digital
converter in the acquisition system. The sampling rate is 100 Hz.

Fig. 4.12: Detail of coupling system using Optics for Research (OFR) devices, for the
realization of a miniaturized version of the fiber amplifier.
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4.4 Gain, Output power and power conversion efficiency
4.4.1 Methods for the measurement of the gain and the output power

In high power amplifiers, the amplified spontaneous emission (ASE) can be very
important compared to the small input signal. Thus, synchronous detection is required.
However, modulation of the input signal is not sufficient because, in the saturated gain
regime, power is transferred from the ASE to the amplified signal. Therefore the ASE
background is modulated in opposition to the signal and the lock-in amplifier sees only
the difference between the amplified signal and the ASE level. Therefore, spectral
filtering is needed to measure the gain accurately.

We used three methods to measure the gain: a narrow band-pass filter, a
spectrometer and a heterodyne detection system. Filtering of the amplified spontaneous
emission is achieved by all three methods.

A band-pass filter (1064 nm, FWHM = 3 nm) can be used. However, care must be
taken when working with small signals which do not saturate completely the amplifier,
because the ASE contribution in the filter bandwidth may be too high. Before using this
method, we investigated carefully the ASE spectra under different working conditions.

A spectrometer is a better solution, because the bandwidth and the central
wavelength of the filter can be set precisely to match the signal (Fig. 4.13). Moreover,
the spectrometer can be used to analyze the ASE spectrum, as long as the system is
stable during the acquisition time

Heterodyne detection is a powerful tool for gain measurement (Fig. 4.13). It is very
sensitive and gives information on the gain and the phase noise of the amplifier
(cf. §5.3). The amplified signal interferes with the reference, producing the useful
electrical beat signal. The ASE remains as a DC component in the electrical spectrum
and thus, is filtered by the spectrum analyzer.

Both ends of the fiber amplifier are cleaved at an angle of 12° to prevent self-
oscillation. The optical isolator (40 dB) is used to protect the Nd:YAG laser from
amplifier noise. Two acousto-optic modulators, driven at 40 and 40.05 MHz,
respectively, are used for the heterodyne detection. Pump and signal beam are
separated with a dichroic filter. In this configuration, the signal is propagating in the
opposite direction with respect to the pump beam and more output power is available
[56]. The amplifier was pumped with a high power laser diode array from Fisba Optik.
It delivers up to 23 W at 800 run in a 332 x 186 um? spot size.
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Fig. 4.13: Set-up for the measurement of the gain, using either spectrometer or heterodyne
detection.

‘4.4.2 Gain and output power

Gain and output power for the 3 different fibers are shown in Fig. 4.14 and Fig. 4.15.
As expected, the output power versus input power is almost flat (saturated) for short
fiber amplifier lengths. In such a design, the system becomes insensitive to the power of
the input signal. This allows more flexibility for the specified power of the master
oscillator. Keeping the fiber short is also better in view of radiation hardness. For two
samples of different lengths, radiation will induce larger distributed losses in the longer
fiber.

The gain and the output power are now described with more details for each fiber.

Fiber CSEM 100192 B

Except for some early experiments (cf. § 4.2.2), the amplifier was backward pumped
(with respect to the signal propagation) through the output end of the fiber (Fig. 4.13)
with the Fisba source. Pump power coupling efficiency into the multi-mode core was
measured to be around 23%, thus launching 5 W of the 23 W laser diode module.
Assuming that the propagation losses for the pump beam in the multi-mode core are
negligible [61] [45], measuring the remaining pump power at the other end of the
amplifier gives a good estimation of the absorbed pump power. The gain and the
output power were measured for a 8 m long amplifier coiled on 10 cm diameter
aluminum cylinder. We achieved an output power of about 630 mW for 3.9 W absorbed
pump power (Fig. 4.15). For an input signal of 35 mW, this gives a pawer conversion
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efficiency (PCE, cf. § 4.4.3) of 15 % (Fig. 4.16). However, expressed as a fraction of the
launched pump power, the efficiency is only 13 %.

Fiber IPHT 45 SK 3

The dopant concentration and the multi-mode core size are larger than for the CSEM
fiber, so that higher output power was achieved. In a first configuration, we used a
24 m long amplifier, of which the first 12 m were coiled in a kidney shape (3 cylinders
with a diameter of 30 mm, Fig. 4.2). In the second configuration, the last 12 m were
removed. As much as 6.6 W of pump power was launched into the 200 ym multi-mode
core and the absorbed pump power was 4.3 W and 3.8 W, respectively. This
demonstrates clearly the importance of the coil shape; only 500 mW were absorbed in
the last portion of the fiber, while the rest was absorbed in the first 12 m. In this
configuration, we obtained 1.35 W and 1.2 W output power, respectively.

The properties of the two amplifiers are rather different; this is obvious when looking
at the output power versus input power (Fig. 4.15). The 12 m long amplifier is
completely saturated (constant output power) for signals above 6 mW. This means that
the system is limited by the pump-photon to signal-photon conversion. But, due to the
shorter absorption length, the output power is lower than for the longer amplifier. The
24 m long amplifier is more powerful, but we did not reach fully saturated output
power. For small signals, a large ASE builds up in the first part of the amplifier and
saturates the gain. This is obvious from the measured total output power of the
amplifier, which remains constant. In our application, it is assumed that 10 mW are
available at input of the amplifier, thus, only the short version is capable to give more
than 1 W output power. For signal input power of 55 mW, the power conversion
efficiency, referring to the absorbed pump power, is close to 30 % in both configurations
(Fig. 4.16).

Fiber IPHT 152 SK 4

This fiber has the highest dopant concentration. The losses at signal wavelength are
similar to the IPHT 45 SK 3 fiber. The cladding diameter is 180 pm and therefore only
5.6 W pump power could be launched. The absorbed pump power was measured to be
4 W. The output power was slightly below 800 mW (Fig. 4.15) and the PCE is around
20 %, referring to the absorbed pump power (Fig. 4.16) for a signal of 60 mW.
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Fig. 4.14: Gain for different fibers. For the 24 m long 45 SK 3 fiber amplifter, 12 m were coiled in
kidney shape. The 12 m long 45 SK 3 fiber amplifier was completely coiled in kidney
shape. The 152 SK 4 fiber was also coiled in kidney shape. The 100192 B was coiled on

a cylinder.
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Fig. 4.15: Output power for different fibers (for fiber lengths and coil shapes, see the caption of

Fig. 4.14).
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4.4.3 Power conversion efficiency

The power conversion efficiency (PCE) of the amplifier is defined as
PCE = M, (4.9)

abs
where P ;, is the power of the signal at amplifier input, P ,,,; is the amplified signal
and P, it the absorbed pump power. For a given absorbed pump power, and when the
amplifier is in saturation, the PCE is constant with respect to the input signal.
Sometimes, the power conversion efficiency is defined with respect to the launched
pump power or even the total available pump power.

According to the ratio of the pump wavelength (800 nm) and the signal wavelength
(1064 nm), the theoretical PCE is 75% (one pump photon per signal photon). The
absorbed pump power was calculated subtracting the residual pump power at the
amplifier output from the launched pump power, according to the assumption made at

the beginning of the previous section.

In order to keep the amplifier as short as possible, though with a good efficiency, one
could think that the highest dopant concentration is the best. This is obviously not the
case when looking at the different PCE (Fig. 4.16). In fact, we reached an upper limit for
the concentration, probably due to the fact that concentration quenching becomes a
problem. Thus, 2 % of neodymium within the core is believed to be an optimum dopant

concentration for such fiber amplifiers.

14~ - o 455K3,12m;31%
X 45SK3, 24 m; 29%
L2+ o 1525K4, 14 m; 21 %
1.0 + 100192B,8m;15% @ T

"+ 100192B, 6 m; 10 %
— Quantum limit for the PCE.

4

Output power [W]

Absorbed pump power [W]
Fig. 4.16: Power conversion efficiency (PCE) measured for different amplifiers (for fiber
lengths and coil shapes, see the caption of Fig. 4.14)
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Losses at the signal wavelength do not depend on the dopant concentration (in 4
level systems, there is no re-absorption) but rather on the fabrication process. For a
given process, a short fiber will have less distributed losses and will be more efficient. It
is, however, not clear from the experimental results whether a low concentration for a
given length would be more efficient than a high concentration or not. The fiber 100192
has much higher losses at 1.06 ym than the other one, so that direct comparison does
not make sense. Nevertheless, there is probably a tradeoff between high concentration,
which reduces the fluorescence lifetime (and thus the gain), and low concentration,
which reduces the absorption. A much larger number of samples and extensive
simulations are required to give a better answer.

4.4.4 Comparison with theoretical model

Using the model developed by Hardy and Oron [19] [20], we performed some
calculation for the IPHT 45 SK3 double-clad doped fibers. The parameters are
summarized in Table 4-3.

Parameters for simulation

P, (input signal) 10 [mW]
B 6.6 W]
a 2,510 [m2]
9 2:10-24 [m?]
A 1064-10-° [nm]
Ap 806-10°  [nm]
a(%) 055 _ [dB/m]
N (# of channel) 15

T 0.75

Ty 015

Table 4-3: Parameters of fiber IPHT 45SK3 for numerical simulation.

The computed output power and the measured values are reported in Fig. 4.17.
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Fig. 4.17: Comparison of experimental data with the simulation using the model of Hardy et
al. [20]

A few conclusions are obvious from these simulations.

The predicted output power is slightly higher than measured. This is probably due to
an underestimation of signal loss or to some fluctuations of the dopant concentration. It
has been shown that the dopant distribution can significantly vary over short fiber
length [62], thus modifying the gain properties of the fibers. Verifications of these
parameters require destructive methods; for this reason, they have not been carried out.

The output power for weak signals is much lower in the experiment than in the
simulations. There is no obvious explanation for this discrepancy, though one may
think that the assumption on concentration quenching is not fulfilled (see the reduction
of fluorescent lifetime, Table 4-1).

Further simulations demonstrated that longer fibers (up to 20 m as in first
experiment) would produce only slightly increased output power. Estimations of the
absorbed pump power were also in good agreement with the simulations. As expected,
the loss at signal wavelength is the key issue to increase the output power and the
power conversion efficiency of the double-clad fiber amplifiers.
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4.5 Dual-stage amplifiers

Double-clad doped fiber amplifiers pumped by laser diode arrays are capable of
delivering up to 5 W [63] [64]. They show high gain and reasonable output power, as
well as low spectral and phase noise. Although fiber lasers with up to 110 W cw have
been demonstrated so far [65], they are limited in the output power due to nonlinear
effects and damage threshold [66]. On the other hand, diode pumped solid-state
amplifiers have high output power, but their gain is small in the Watt range compared
to fiber amplifiers, requiring more powerful master oscillators. Such powerful
oscillators are unfortunately not compatible with the power that phase modulators can
handle. Thus, it seems evident to study the combination of both types of optical
amplifiers in a two-stage device to obtain both high gain and high output power. The
fiber amplifier (first stage) provides large gain and delivers an output power
compatible with the input required for the solid-state amplifier. This second stage acts
as a booster.

We combined a Nd3+ -doped double-clad fiber and a Nd:YAG crystal amplifier and
we obtained a single-mode, single-frequency output power of 3.5 W for a total gain of
28 dB.

Fig. 4.18: Dual-stage amplifier.
removed for this picture.

N

The pump delivery system of the crystal amplifier has been
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4.5.1 Design of the amplifier

Fiber amplifier

We used the 45 SK 3 Nd3+ -doped fiber in the 8-m long configuration as first stage
amplifier. Thus, we obtained 1 W saturated output power as already described in § 4.4.2
(cf. Fig. 4.15 for the output power of the first stage). This device is suitable for pre-
amplification.

Solid state Nd:YAG amplifier

The second stage of the amplifier is based on two identical 1% doped Nd:YAG
crystals (Fig. 4.19, top). It has been constructed and studied by U. Roth at IAP,
University of Bern. A detailed description of the design and the results he got are given
in [68]. The following description is a summary of this reference.

Second stage: Nd:YAG 6-pass variant

Towards

3 gainregions
detector

Signal

First stage: Nd doped fiber amplifier

> Nd doped ﬂ

= fiber

£
Dichroic filter Babinet-Soleil Optical Nd-YAG
T>90%@800nm Compensator isolator laser
R>90 % @ 1064 nm

Fig. 4.19: Dual-stage amplifier combining a fiber amplifier as first stage and a solid state
amplifier as booster.

The face marked P is coated as a dielectric polarizer; the other faces are anti-reflection
(AR) coated for both 809 and 1064 run. The quarter-wave plates have an AR coating for
both 809 and 1064 nm on the side next to the crystal and on the other side they are
coated as mirrors for 1064 nm and AR coated for 809 nm. The crystal length from the
polarizer face P to the pump faces is 11 mm.
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The horizontally polarized signal beam (corresponding to the drawing plane) passes
the polarizer face marked P at Brewster's angle, then passes the quarter-wave plate
QW1 and is reflected at its backside. Due to the double-pass through the quarter-wave
plate, the polarization is rotated by 90°. Now the beam is reflected at the polarizer P and
travels towards QW2. There, the polarization is rotated again and passes through the
polarizer P towards QW3. Another double-pass through a quarter-wave plate rotates
the polarization again; the beam (vertical polarization) is finally reflected at the
polarizer P, exits the crystal in direction of the incoming beam and is separated by the
polarizing beam-splitter (PBS). Altogether, the signal passes 2 times in each of the 3
gain regions.

The pump power is delivered by three fiber-coupled diode laser modules (Jenoptik
AG, Jena, Germany). The fibers have a core diameter of 600 pym and a NA of 0.22. The
spectrum of the pump radiation is centered at 809 nm and has a width of 2 nm
(FWHM). Each fiber delivers up to 10 W of pump radiation that are focused onto the
crystal by a micro-objective. The transmittance of the focusing optics and the quarter-
wave plates was measured to be 87 %. Thus, there was an incident power on the crystal
of 3 x 8.7 W. The crystal itself was mounted on a fully adjustable holder with a copper
heatsink on its upper and lower face to remove the generated heat. In this
configuration, we obtained an output power up to 7 W (Fig. 4.20, bottom curve) with a
gain of 4.7 dB. The input beam was from a 2.7 W Nd:YAG TEM,, mode laser. As the
gain is small, this amplifier will be used best as a booster.

[ T~ NN
11

N
1

Signal output power [W]

4+ Assingle amplifier
O Asbooster

o=y
|

(=}
1

0 500 1000 1500 2000 2500 3000

Signal input power (at amplifier output) [mW]

Fig. 4.20: Output power of the solid state amplifier working as booster (upper curve) and as
single amplifier (lower curve).
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Dual-stage system

The output beam from the fiber amplifier is launched into the crystal, forming a two-
stage configuration (Fig. 4.19). The coupling efficiency between the two amplifiers (the
ratio of the crystal output without pump and the fiber amplifier output) is 60 %,
including the transmission losses through the coupling optics, the crystal, the polarizers
and the quarter-wave plates.

We know from the study of the fiber amplifier that there is no amplified spontaneous
emission (ASE) for input signals larger than 5 mW. The second stage will act as a
booster for the signal, without introducing further ASE. The first stage is working in
saturation; the output power is not sensitive to the signal input power. This is not the
case for the booster so that it is not possible to extract the complete available power.

In a first experiment, the combination of the two amplifiers produces a total output
power of 2.8 W for a gain of 27.5 dB at the beginning of the saturation (Fig. 4.21), a
result that cannot be reached in one stage. The first stage delivers 1.1 W with a gain of
23.4 dB. The launched pump power is 6.6 W and the PCE referring to the launched
pump power is 17 % (cf. chapter 4). The second stage gives 2.8 W with a gain of 4.1 dB.
With the 26 W of pump power launched into the crystal, we obtain a PCE of 9 %.

After optimization of the system alignment, the total output power was increased up
to 3.5 W. The output versus input power of the second stage in this optimized case is
shown in Fig. 4.20 (upper curve). The values are slightly higher compared with the
measurement as single stage. This is probably due to the better mode quality of the
beam.

204

Signal output power [W]

0 10 20 30 40 50 60
Signal input power [mW]
Fig. 4.21: Total output power of the dual-stage amplifier.
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4.5.2 Performance of the combined amplifier

Due to the fact that the fiber amplifier is operating in saturation, the output power is
no longer sensitive to intensity variations of the input signal and the amplification
increases monotonically with the pump power. The total output power may be easily
scaled to a few tens of watts, according to power levels currently available in solid-state
lasers. Thus, it seems evident that two-stage amplifiers are a viable solution to achieve
both high gain and high output power with single-frequency emission, as required for
coherent communication. However, for space applications, it is necessary to shield the
fiber amplifier carefully against ionizing radiation, or, in case of longtime missions, to
use radiation hardened fiber types.

The output power in our experiment was limited by the crystal amplifier, which
cannot be driven into saturation. Thus, it was not possible to extract all the available
power. However, fiber amplifiers with more than 5 W have already been demonstrated
([63], [64]) so that, using these as first stages, we can expect at least 10 W out of the
booster crystal (Fig. 4.20). Moreover, Nd:YAG lasers of a few tens of Watts are already
available, showing that this second stage may be scaled to even higher power.

To the best of our knowledge, this is the first demonstration of two-stage amplifiers
combining the advantages of fiber and crystal amplifiers. It opens new possibilities in
the field of high performance coherent space communications.
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5 Noise in fiber amplifiers

PTICAL amplifiers, as all active devices, add some noise to the amplified signal.
A better understanding of the different noise contributions is necessary to asses
the influence on a coherent communication system.

Coherent communication systems are normally based on binary phase or frequency
modulation rather than on amplitude modulation. Thus, amplitude noise, mainly
related to pump stability, is not a critical point. Amplified spontaneous emission may
be more annoying because it reduces the efficiency of the amplifier and can saturate the
detector in a bandwidth close to the signal. Phase noise, the most critical contribution,
depends mainly on the spectral width of the amplified signal. For narrow linewidth
signals, it is negligible, allowing coherent detection with large modulation bandwid th.

In section 5.1 we briefly define the noise figure and, in section 5.2, we present some
experimental investigations on amplified spontaneous emission (ASE). Phase noise is
discussed in detail in section 5.3. First, the theoretical models are developed. Then, the
experimental results are presented and analyzed.
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5.1 Effect of an optical amplifier on the signal-to-noise
ratio, noise figure

When an optical amplifier is present in the transmission chain, some noise is added
by amplified spontaneous emission (ASE) (Fig. 5.1).

Local oscillator

Signal Sign al+ fe
) o Noxse e (ASE) ™ E] T Ur

Fig. 5.1:  Effect of the amplifier in the transmission chain.

For coherent detection, the total noise power within the detector bandwidth is found

to be ([1] Eg. 3.100)
< Bijoieg >= OF = 0% + Oly_aSE + O pSE + O4SE-ASE + Ol 6.1)

where o, is the shot noise, 0y, 455, O;asp and Tgg.4sE are the local oscillator-ASE,
signal-ASE and ASE-ASE beat noise, respectively, and oy, is the thermal noise (as
defined in Eq. (3.7)).
From Eq. (3.6), including gain G on the signal and the contribution of ASE, we derive
the shot noise contribution

02, = 2¢eB,n{ Dot , CPe |, Pasee), 5.2)
v Ty hv )
where 2P ,; is the mean ASE power within the optical bandwidth B, of the amplifier,

referred to as the equivalent input noise of the amplifier and given by [1] (section 5.7)

Pysg = ngphvB,(G -1). (5.3)
The term ng, in Eq. (5.3) is the spontaneous emission factor (defined in [1] chapter 2). In
the particular case of 4-level systems, n,, equals unity. Note also that the ASE power is
considered in two polarization modes, as it is usually the case for fiber amplifiers. The
other contributions to the noise are given as ({1} Eq. 3.101-3.104)2

2
2 e 40Py P [ &) B, (5.4)

Olo-ASE = 41 FASE" Lo \nv] B

()

2 A complete derivation of these noise components is given in the book of Desurvire [1] and is beyond
the scope of this text. We only intend to show the effect of amplifier noise and the influence on a coherent

communication system.
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2
2 2 [ e\ B
_ASE = 4°GP, - Pygp 1 —) 22 65)
OASE-ASE = 41"GPs - PogE i) B,
2
e \“ 2B
O's?—ASE‘:‘znszSE'(h—V) Be- 5-6)
(]

Substituting Egs. (5.2) to (5.6) into (3.8) and after some simplifications, we get for the
electrical signal-to-noise ratio (SNR)

NP
B,hv
SNR = £ .
GPS {2nsp(G —1) 1 \ 2PASE O'tth (57)
Nl+ =) —F———+—+ (1+nnsp(G—1))+———2
oA\ G "nG)" GR, 2GB, Byne

We can distinguish three different cases for the SNR, according to the power level of
the local oscillator and the gain of the amplifier.

Amplifier off, G=1
When the amplifier is turned off, the gain G =1 and P,g; = 0 according to Eq. (5.3).
Thus, the SNR becomes

SNR = (5.8)

(1 + &) + _omhv

2B, P,me’
Moreover, if the power of the local oscillator is sufficiently high, Eq. (5.8) further
reduces to

SNR = I;J%’ (5.9)
(4

as expected by a shot noise limited communication without amplification (see
Eq. (3.12)).

High power local oscillator
For G>1 and when the power of the local oscillator is high, the SNR at the amplifier
output is given by
F
B.hv
SNR = maj)_l. (5.10)
i AN
G nG
The numerator in Eq. (5.10) corresponds to the optical shot noise limit, thus, to the
SNR(0} at the amplifier input. Therefore, we can write Eq. (5.10) as
2n ., (G -1
0=M0_)w, Fy = (G- )+L, (5.11)
SNR(z) G nG

where the noise figure F;, is a measurement of the degradation of the optical signal-to-

noise ratio for a signal passing through the optical amplifier.
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High gain optical amplifier and high power local oscillator
When both the power of the local oscillator and the gain are large, the SNR is
dominated by the LO-ASE beat noise and (5.7) reduces to

SNR = L,
2ng,B.hv

which is independent of the photodetector quantum efficiency. When compared with
an ideal direct detection, assuming # = 1 in Eq. (3.12), optical amplifiers introduce an
excess noise of 3 dB in the SNR. However, in the case of real photodetectors, for which
1 < 1, the optical amplification can enhance the electrical SNR (see for instance a
discussion in [1] section 3.3). Note that, in this case, the noise figure Fy = 2.

(5.12)
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5.2 Amplified spontaneous emission

Amplified spontaneous emission (ASE) is filtered by the heterodyne (coherent)
detection so that no additional band-pass filter is required for the detection. However,
large ASE is not desirable in optical amplifiers, because it reduces the signal-to-noise
ratio and the power available in the amplified signal.

We measured ASE spectra for different configurations, using a spectrometer as for
the measurement of the gain (Fig. 4.13). Turning the signal on resulted always in a
transfer of the ASE into the amplified mode (Fig. 5.2). The ASE power represents less
than 10 % of the output power for both the IPHT 45 SK 3 and 152 SK 4 fibers in the
saturated regime, i.e. for signals above 10 mW.

04 ..o ASE R
----- Amplified signal
and ASE

-10 - - ~— Signal :
5 s
g
O 30

| I I I [
1055 1060 1065 1070 1075
Wavelength [nm]

Fig. 5.2:  Signal spectrum, ASE spectrum and amplified signal spectrum of fiber
IPHT 152 SK 4. Amplifier 14 m long, coiled in kidney shape. Signal power
0.13 mW; output power 695 mW; gain of 37.5 dB. Spectra measured with a Jobin-
Yvon HR 460 monochromator (resolution 0.5 nm).
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The output spectrum for the 152 SK 4 fiber with the amplifier working in saturation
is shown in Fig. 5.3. We can clearly see the reduction of the ASE.

----- ASE

----- Amplified signal and ASE

Power [dB]

1055 1060 1065 1070 1075 1080
Wavelength [nm]

Fig. 5.3:  Same as Fig. 5.2, but with signal power 5 mW, total output power 730 mW and gain
of 21.6 dB.



Phase noise 63

5.3 Phase noise

A semiclassical model for the fundamental noise limit of linear amplifiers has been
developed by Heffner in 1962 [69]. This model predicts a phase noise which depends on
the optical linewidth of the input signal. In 1990, experimental results were published
by Cowle [70], which showed a spectral broadening of the signal linewidth due to the
phase noise added by an optical fiber amplifier. The spectral broadening was explained
by the so called “modified semiclassical model” [71], following the general treatment of
line broadening due to phase noise in lasers (see for instance [14]). Following the same
approach, Desurvire [1] derived the semiclassical model, which predicts spectral
broadening much smaller than those measured in [70]. Recently, measurements
published by Moller [72] indicated that spectral broadening due to fiber amplifier was
not as large as predicted in [71]. In order to clarify these findings, we decided to
measure the noise introduced by our high power fiber amplifiers for different
linewidths of the input signal.

Following the treatment of Heffner, we will first find the lower limit of the phase
noise given by the uncertainty principle of Heisenberg. Then, following the treatment of
Desurvire, we will establish the semiclassical model, which describes the spectral
broadening due to phase noise. We will then compare these results to the model
developed by Cowle. Finally, we will propose a different model where the phase noise
is introduced as an additive noise rather than a multiplicative noise. The experimental
results will finally reveal the appropriate model.

5.3.1 Uncertainty principle

Heffner [69] based his investigation of phase noise on the uncertainty principle of
Heisenberg. In the following, we summarize this approach.

The uncertainty principle can be applied to the measurement of phase and photon
number through

AnAg = l_,» (5.13)
2

where An and A¢ are the uncertainty of the number of detected photons and of the
measured phase, respectively. In the case of an ideal linear amplifier, given a number of
input photons n; + An, , the output power will be Gn, + GAn;, . Let us assume now that
the amplifier is followed by an ideal detector, sensitive to both phase and amplitude
and with quantum efficiency equal to 1. The detector will measure the signal with the
uncertainty AnA¢ = 1/2 which corresponds to an uncertainty of AnA¢g = 1/2G at
amplifier input. This clearly is not possible. Thus, the amplifier must add some noise!
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We assume now a noisy amplifier followed by an ideal detector measuring both
photon number and phase with a unity quantum efficiency, as shown in Fig. 5.4.

Signal = Amplified Detected signal
An,, Aq’1 Am}glﬁe; with signal Detector with Any, Ady
~~~~~~~~~~~~~~~~~~~~~ gain G and noise Ed :

A, Ad, noise Any, A,

Fig. 5.4:  Noise for detection with an optical amplifier.

In the following equations, the indices a and d are for the amplifier and the detector,
respectively. Indices 1 and 2 refer to the input and the output signal, respectively. The
variance of the phase and of the mean number of photons at the output of the system is
given by

An% = Ang + Ang

Y (5.14)
Ag3 = ApZ + A5 .
Multiplication of the terms in (5.14), assuming that Anqu)d =1/2,leads to
Ar3APS = An2Ag2 + 1 L Adi0gy [ Ang | Anj) (5.15)

28n; \ 802 " 203)
The ratio An,/A¢, is still open. The best detection is achieved when An,A¢, is minimized
with respect to An;/A¢,, which leads to

An, An,
—a 4 (5.16)
Ag, Agy
If we look at the input of the system, Eq. (5.14) can be written in the form
1
An? = —(An? + An?
e (o + ) (6.17)
Ag = A9} + A9;
and Eq. (5.15) becomes
A¢ D20 [ An?  An}
nZAag? = — | An2ag? a 5.18
# [ atda 28n; \Ag: A¢a} ¢19
After substitution of (5.16) in (5.18) and with An;A¢, =1/2, we find that
AnA¢, = —— ! (5.19)

For a signal with white Gaussian noise, which is the case for amplified spontaneous
emission, the phase error is given by [69]

Py
Ap2 - =N
¢: T

where P is the power of the signal and Py is the power of the noise.

(5.20)
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Noise power Py

We assume that the amplifier generates an ASE field En(t)- ¢ where Ex(t) and ¢(t)
are random time-varying amplitude and phase terms. Noise results then from the
superposition of the amplified signal and the ASE field. It is obvious from Fig. 5.5, that
the in-phase component of the ASE (E,) is responsible for amplitude noise, while the
quadrature component (E,) is responsible for phase noise.
Ex(t)

in @) |

— Re(E)
Fig. 5.5:  Semiclassical phasor model for the ASE-induced phase noise. E is the amplified
signal, Ey is the ASE contribution and E is the resulting signal (after [1]).

The variance of the power at the output of the optical amplifier is related to the
photon number variance through '

AP? = (hv/T)? 8n2, (5.21)
where T is the integration time. The mean value <P> is given by
2 * *
(P)= <|Es +En| > - <|Es|2 +[En[* + ESEX + ESEN > (5.22)

where we have used Fig. 5.5 for the definition of P. Then,
(P2)- (" + En + E3ERF + E5%ER, + 2o lEnl +2EsEsER + 2Es ESEN
+2{EnEsER + 2N ESEN + 2ESESENER ) 2
Using the definition of the variance < AP? > = <(P-<P>)*> = <P?>-<P>?%and
after simplification of Eq. (5.23), we get for the variance of the power

(ap?) = 2Rsby. . (5.24)
Combining Egs. (5.24) and (5.21) into (5.19), using Eq. (5.20) gives the noise power
Py = hvB(G-1), (5.25)

where B = 1/2T is the optical bandwidth of the amplifier.
Substituting (5.25) into (5.20) and replacing the signal power P at the amplifier output
by the signal input power P" multiplied by the gain (Ps = GP™) finally gives
hvB(G -1)

2GR
This is the smallest phase fluctuation added by the amplifier and compatible with the

Ap? = (5.26)

uncertainty principle.
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5.3.2 Semiclassical description of phase noise: a phasor model

The spectral broadening of laser oscillator linewidth due to the phase noise
introduced by the spontaneous emission is often described through a phasor model
([1] section 5.7, [14] section 10.7). Since the phenomena are apparently the same in the
case of optical amplifiers, namely spontaneous emission, the same derivation is used.

The mean ASE power in the bandwidth B, is given by (5.3).
Pysg = ngphvB,(G - 1), (5.27)

where 1, is the spontaneous emission factor (defined in [1] chapter 2), an equivalent

sp
input noise describing the nature of the optical amplifier. The mean arrival time f,¢¢

between ASE photons is the reciprocal of the photon flux, so that

tASE = (5.28)

1
ngyBy(G-1)’
If we assume a single spontaneous emission event (one ASE photon) and a number of

signal photons which is much larger than 1, the effect of this ASE photon on the phase
is found to be (Fig. 5.6)

1
- (S = i . .
tan(6¢; ) ~ 8¢ \/<_"s—> sin(¢) (5.29)
Im A N=1
Loy~
d¢(t)
<Nls >
> Re

Fig. 5.6:  Phase deviation associated with one single spontaneous photon (N=1) with random
phase; the mean signal photon number is <n,> and the corresponding mean signal

field is \[< ng > (after [1]).
Averaging over a large number of events, the standard deviation of the phase is
1
Ap=<bp? > = ———. .
o< s (530

Assuming that the amplified signal power is given by GP4™", the number of photons
detected during the time f 44 is given by

GP" 1
CL5 S S 5.31
ms) == npBo(G-1) 631
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Combining (5.30) and (5.31), we obtain for the standard deviation of the phase, induced
by spontaneous emission during ¢ 4r,

nephvB, (G - 1)

— 7 (5.32)
2GP"

A¢ =

Egs. (5.32) and (5.26) differ only by the definition of B, (B, = 2B) and by the ng, term.
It is not clear in Desurvire’s book where the factor 2 comes from, but it is probably to
take into account the 2 polarizations of the ASE noise (see § 5.1 and the comment on Eq.
(5.3)). At high pump power, ng, is essentially unity so that both approaches lead finally
to the same result.

Following the derivation of the spectral broadening of laser linewidth ({1] section
5.7), Desurvire proposed to relate the variance of the phase due to ASE to the linewidth
of the amplified signal. Assuming that the spectrum of the signal is a Lorentzian
defined by its full width at half maximum (FWHM) dv, and that the emission of
spontaneous photons follows a Gaussian law, than the variance of the phase is related
to the linewidth of signal by {14]

ag? = 27V (5.33)
BO
From Egs. (5.32) and (5.33), we find the equivalent linewidth broadening ({1], Eq. 5.77)
nsphvBo(G -1)
4nGP"

(5.34)

OV Desurvire = (8

We see from Eq. (5.34) that the phase deviation is small for large input power. This is
also obvious when looking at Fig. 5.6. Moreover, the spectral broadening is
independent of the gain when the gain is sufficiently high (G > 20 dB), which is the case
in our amplifiers.

5.3.3 The “Cowle” model

Cowle developed his model before the publication of the book of Desurvire. The
arguments presented by Cowle in his Ph.D. thesis are not very clear, but are
reproduced here as faithfully as possible.

Cowle [70] measured line broadening due to amplifier noise and found values much
larger than those predicted by the semiclassical theory. Using the same arguments as
for Eq. (5.33), he got a relation for the variance A6 of the phase in the amplified signal of
linewidth Av; for an observation time equal to the mean photon arrival time ¢4, as
defined in Eq. (5.28). The results is ([71] chapter 6)

2 27Av
AB (tASE) = 2”A"stASE = " 5

B (C 1) (5.35)
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The average number of the signal noise photons in the output signal during the time
for the detection of one ASE photon is given by the phase deviation of the laser signal
during t4cr (Eq. (5.35)) divided by the phase deviation induced by one ASE photon (Eq.
(5.30))

AB(t
Aspont = _(AQSE)~ (5.36)

Using Egs. (5.32) and (5.35) in (5.36), one gets for the average number of photon noise
4nAv,GP
nZ,hvBa(G -1
Cowle assumed in his Ph.D. dissertation ([71] chapter 6) that «the amount of spectral
broadening measured by the detector can be approximated in proportion of the signal

Aspont = (5.37)

spectral width as:

1
Sveowle = ——Bvs, (5.38)
Mspont
([71] p 176)» so that, combining Eqs. (5.37) and (5.38) one finally gets

mznszphng(G - 1)2

, , (5.39)
47GP"

6VCowIe -~

where m =B, /Av;.
5.3.4 Comparison

Egs. (5.32) and (5.39) are related through
Veowle ~ \/ ng,B, (G ~1) 8vDesurvire » . (5.40)

where we have assumed that m = 1 in Eq. (5.39).

The spectral broadening predicted by Cowle is much larger because of the factor
ng,Bo(G - 1) and the variation of the broadening with the signal input power is reduced
compared with the semiclassical approach, because of the square root.

We computed the value of the spectral broadening according to Egs. (5.32) and (5.39),
for a gain of 20 dB, a wavelength of 1.06 ym and for different signal linewidth Av,, as a
function of the input power. We see clearly the large difference between these two
models (Fig. 5.7).
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Fig. 5.7:  Spectral broadening according to Cowle (continuous lines) and Desurvire (dashed
lines). From top to bottom: Av = 18 GHz, 1.5 GHz, 125 MHz, 500 kHz, 5 kHz. The
gain is 20 dB and the wavelength is 1.06 um.

5.3.5 Method for the measurement of phase noise

According to the approach described so far, the effect of the phase noise is assumed
to broaden the linewidth of the signal. Thus, it is straightforward to use a Mach-
Zehnder interferometer as the standard method for linewidth characterization. The
amplifier is placed within one arm of the interferometer so that the spectral broadening
induced by the ASE can be measured at the Mach-Zehnder output (Fig. 5.8).

NG
v Ey(t) -
To E Eout (t)

E, ()
Fig. 5.8:  Mach-Zehnder interferometer for the measurement of phase noise.

Due to the spontaneous nature of the ASE field considered in phase noise, it is
possible to follow the same derivation as for laser linewidths (for example, see Yariv
[14] § 10.7), namely to calculate the autocorrelation function at the output of the
interferometer and to find the corresponding spectrum using Fourier transformation
(Wiener-Kinchine relation). *
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Cowle assumed that the phase noise of the amplifier contributes to the system as a
multiplicative noise [71], so that the signal at the output of the interferometer is given
by

Eout(t) - \/EEO Lol giwt | pidalt) | E,- e'@(‘”u) .ei(w*Aw)(“fo), (5.41)
where Ej and E, are the amplitude in the signal and reference arm respectively, t, is the

delay of the interferometer, Aw is the frequency shift introduced by the acousto-optic
modulator, G is the intensity gain of the amplifier, ¢ is the phase noise of the signal and
¢, is the phase noise due to the amplifier. In this approach, the noise is produced by the

gain.

The autocorrelation function of the intensity at output of the interferometer is given

by
I(r)= G2E} +2GEE? +E}

+GE§E,2 . <e’{A¢ru (‘)'A¢ro ('*T)]> . <ei[¢a(‘)_¢a(‘*t)]> . eiAM

+GE§E,2 . <e-i[A¢,o(t)-A¢m (l+r)]> ) <e-x‘[¢,(l)—¢a(f+r)]> . g-ibwre ,

(5.42)

where 7is the delay of the autocorrelation function and A¢; (t) = ¢(t) - ¢(t + 79). In the
particular case of a matched path interferometer, (5.42) reduces to

I(r)= G%Ej +2GEJE? +E}
+GE2E?- <e:[¢.,(t)—¢.,(m)]>.emwr (5.43)
+GEZE2 .<e-x[¢.,(l)-¢.,(t+r)]> .gmibor
The autocorrelation does not depend anymore on the phase noise of the signal itself.
Taking the Fourier transform of (5.43) results in a Loretzian shape spectrum whose
linewidth is the spectral broadening due to the amplifier phase noise [71]. In the

absence of amplifier, the Fourier transform of (5.43) is a delta function of magnitude
GPyP,, aresult expected for a matched paths Mach-Zehnder interferometer (Fig. 5.9).

Without amplifier With amplifier

Phase noise

]
|
|
> ) Aw >00

Ao ®

Fig. 5.9:  Autocorrelation spectra in ‘the case of multiplicative phase noise.
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Méller {72], reproduced the experiments of [71]. In his set-up, the resolution of the
linewidth measurement was 10 Hz, while the spectral broadening predicted by the
modified semiclassical model (Cowle) was 1.3 kHz for a signal linewidth of 1.2 MHz.
Even so, no broadening was measured. Unfortunately, the spectral broadening
predicted by the semiclassical model was only 15 mHz in this case, thus below the
resolution of the instrument, so that it was not possible to check the validity of this
model. However, Moller suggested that the description of phase noise by Cowle may be
not correct.

In order to clarify the validity of the two models, we started to investigate phase-
noise with different linewidth of the input signal. We used sources with increasing
linewiths, so that the predicted spectral broadening in the case of the semiclassical
model became larger than the resolution of our instrumentation.

5.3.6 Experimental set-up

We placed the high power fiber amplifier in the interferometer shown in Fig. 5.10.
The FFT spectrum analyzer (SR 760) allows a resolution of 250 mHz, so that it should be
possible to detect extremely small phase noise. In some cases, an optical filter, 3 nm
wide and centered at 1064 nm, was placed in front of the detector to reduce the
background of the broad ASE power.

FFT spectrum Ogaas |
analyser goooog
AOM
40 & 40.05 MHz BS
N A
5010 | ] #
<>

Signal Optical
isolalor »M
Babinet-Soleil  Fibre
Compensator amplifier =~ WDM Fisba 20W

Fig. 5.10: Set-up for the measurement of phase noise. The measured phase noise is due to the
amplifier only. '
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5.3.7 Effect of the source linewidth

As shown in Fig. 5.7, the theory predicts a phase noise which depends on the power
and the linewidth of the input signal. Therefore, we tried to measure the phase noise for
sources of different optical linewidths.

Input signal with 5 kHz linewidth
With the Nd:YAG single-frequency laser used so far, the predicted spectral
broadening cannot be measured. However, the beat spectrum was used for comparison.

Input signal with 500 kHz linewidth

We used a DFB fiber laser, which has a linewidth of 500 kHz (a detailed description
of this laser is given in § 6.1.). For such a laser, and assuming signals in the mW range,
the broadening predicted by the modified model is within 10 Hz and can be detected
with our set-up. However, the semiclassical model predicts a broadening in the pHz
range, which is much smaller than the resolution of our experimental setup (Fig. 5.11).

E " Av=500kHz
— (following Cowle)
%" .
g 107 4
I,
E 4-
= 10
E ]
1
&10°
f 1 i i
-30 -20 -10 0 10 20

Signal input power [dBm]
Fig. 5.11: Expected spectral broadening due to phase noise for 500 kHz linewidth of the input
signal, vs. power.

The power of the laser was varied between 1.7 and 9 dBm. We did a Gaussian fit on
the beat spectra measured by a FFT spectrum analyzer with and without amplification.
The spectral broadening was calculated as the difference of the widths of the two
Gaussian functions. Typical beat spectra are shown in Fig. 5.12 and the resulting values
for the spectral broadening are given in Table 5-1.
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—— With amplification -
Av = 1.54 Hz (P = 190 mW)

----- Without amplification

Av =1.36 Hz (P = 0.6 mW)
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Frequency [kHz]
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Fig. 512: Comparison of measured beat spectra for a signal linewidth of 500 kHz.

Signal input Resolution [Measured spectral | Theoretical broadening
power [Hz] broadening [Hz] according to Cowle
[dBm] (Gaussian fit) [Hz]

1.7 0.25 0.09 11

24 0.25 0.16 10

5.7 0.25 0.18 7
9 0.5 0.14 4.8

Table 5-1: Spectral broadening for 500 kHz input linewidth.
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It is obvious from Table 5-1 that the measured spectral broadening is always smaller

than the resolution. Moreover, we do not see the spectral broadening predicted by the
“Cowle” model, although it is much larger than the resolution of 0.55 Hz. This is the

first evidence against the “Cowle” model.

Input signal with 18 GHz linewidth

We have built a specially designed double-pass superfluorescent fiber laser (SFL)
with a Bragg grating on one side (Fig. 5.13). From the 0.1 nm bandwidth of the grating
we expect an emission linewidth of about 25 GHz without any longitudinal modes,

since there is no cavity. A booster amplifier allows to get the desired output power.
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Fig. 5.13: Double-pass superfluorescent fiber laser with booster.

By a variation of the reference arm length in the Mach-Zehnder interferometer, one
can measured the visibility of the fringe pattern. In the case of a Lorentzian line-shape, a
decrease of the visibility by a factor 1/e corresponds to the coherence length of the
source [73]. The coherence length I, and the spectral width Av of the source are related
through

I = € (5.44)

From the measured fringe visibility (Fig. 5.14), we get a coherence length I, = 5.3 mm,
which corresponds to a linewidth of 18 GHz.
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Fig. 5.14: Measurement of the coherence length of a superfluorescent fiber laser with a 0.1 nm
bandwidth Bragg grating. The coherence length is I = 5.3 mm (visibility = 1/e).
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The beat frequency spectra measured with the balanced Mach-Zehnder
interferometer are shown in Fig. 5.15.

Beat signal [dBV ]

46 48 50 52 54 56 58
Frequency [kHz]

Fig. 5.15: Phase noise measured for fiber 455K3 (amplifier) and an 18 GHz linewidth
superfluoresent fiber laser as signal. Lower curve: input signal, P = 53 uW; upper
curve: amplified signal, P = 5.3 mW.

In this particular configuration, the expected spectral broadening according to the
modified semiclassical description is about 390 MHz. According to the semiclassisal
model, the expected broadening is 95 kHz (Fig. 5.7). In fact, nothing is visible!

In another experiment, we simply used the booster as a large bandwidth source; the
linewidth is about 2.6 THz (corresponding to a transition linewidth in the order of 10
nm). According to the semiclassical model, the expected spectral broadening in this case
is about 2 GHz. The resulting beat spectra look like a copy of the previous
measurement: no spectral broadening is observed. This demonstrates clearly that these

fiber amplifiers do not introduce the spectral broadening predicted by the models
reported in the literature.
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5.3.8 Effect of the amplifier pump intensity noise

The beat spectra corresponding to signals with either 5 kHz or 18 GHz linewidth
- look more or less the same (Fig. 5.16).

-20 . : E T
> ; : :
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LT ¢ d \’{E\.w:{,""l' . " 12
46 48 50 52 54 56 58
Frequency [kHz]

Fig. 5.16: Comparison of beat spectra for SFL (black curves) and Nd:YAG (gray curves) as
signal source. Continuous curves represent the beat spectra before amplification
while dashed curves are the amplified beat spectra.

The vertical shift is due to the different power of these sources. However, both have a
noisy structure with peaks regularly spaced at about 1 kHz. This effect is caused by the
intensity noise of the amplifier pump diode, shown in Fig. 5.17, which results in an
intensity modulation of the amplified signal.

04 5
5 -20 —
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E -40 54
(% 60 -
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0 12

Frequency [kHz]
Fig. 517: Intensity noise spectra of the amplifier pump diode.
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In order to eliminate this intensity noise, the double-clad power amplifier was
replaced by a portion of single-mode single-clad doped fibers (CSEM 060592B, see
description of this fiber in § 1.1) pumped by a 150 mW single-mode laser diode. For the
investigations reported in § 5.3.9 and 5.3.10, this amplifier was used instead of the high

power systems.

5.3.9 Effect of the detector bandwidth on the measured phase noise

The detector bandwidth may be a limiting factor. This can be justified as follows. In
the case of a non-balanced interferometer, the expected beat spectrum is twice the
width of the source [74]. A detector, whose bandwidth is too narrow, will clip part of
the beat signal. The same argument is valid for the balanced interferometer. If the
linewidth of the signal is smaller than the bandwidth of the detector, there is no
limitation by the detection system. Thus, the bandwidth, which applies in Egs. (5.34) or
(5.39), is the smallest of either the source or the detector. In order to check the validity of
this assumption, we replaced the 125 MHz bandwidth detector by a detector having a
1.5 GHz bandwidth.

The incident power on the detector was about 200 nW (taking into account the
bandpass filter) and increased to 570 nW when the amplifier was turned on. The
predicted broadening for 125 MHz bandwidth is 756 Hz and is 109 kHz in the case of a
1.5 GHz bandwith, as can be computed using Eq. (5.34). No difference was observed
between these two measurements, as shown in Fig. 5.18 and Fig. 5.19, except a
difference in the beat signal power due to the sensitivity of the detectors. This confirms
that no spectral broadening occurs.

_.‘_ — SFL
. ‘:?‘ R F Amphﬁed SFL.
9t ~.~.~ Det. noise level
« « - Anal. noise level
* Res. linewidth 31.25 Hz |

o &
S S
] |
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Power [dBV/ (Hz)l/ 2]

-140 4+
,,?..p\u“,..u.,:,,,,.wv.-',.s;w.,-».,M,“g;r“’u,s...;.\mr,nw\..f“\.«..-“,;w
T T T T T T T
46 48 50 52 54 - 56 58
Frequency [kHz]
Fig. 5.18: Measured phase noise for fiber amplifier 060592 and 18 GHz linewidth

superfluoresent fiber laser as signal. The detector bandwith is 125 MHz.
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Fig. 5.19: Measured phase noise for fiber amplifier 060592 and 18 GHz linewidth
superfluoresent fiber laser as signal. The detector bandwith is 1.5 GHz.

5.3.10 Phase noise as an additive process

In our experiments, we used broadband superfluorescent fiber lasers such that the
spectral broadening predicted by the semiclassical model was larger than the
experimental resolution (see § 5.3.7). But no spectral broadening was visible. We also
checked the influence of the detector bandwidth (see § 5.3.9). Therefore, we conclude
that the currently used descriptions of the introduction of phase noise by optical
amplifiers need to be modified, in order to better reflect the reality.

In fact, according to [75], the phase noise is an additive noise rather than a
multiplicative noise. Thus, the output of the Mach-Zehnder interferometer becomes
Epu(t) = VGEy-¢(1) .ot L .t git(t) 4 E, gi#(t4T0)  filwsdo)(t+vo) (5.45)
where E, is the amplitude noise of the amplifier, instead of Eq. (5.41). The
autocorrelation of the intensity at the output of the interferometer is
I(t)= G2E} +E} +E} + 2GEZE? + 2GEZE? + 2E2E?
+GE2E? .<ex[¢(t)—¢(t+r)]> : <e_,[¢,,(¢)-¢,(m)]> rec

+GE2E2 .<er{¢(f)+¢(t+r)]>.<e-rl¢a(')+¢n('”)]>+c.c.

+GE§E,2- e'{M'“(l)_M"’(’”)] BTy e

(5.46)

VE2E? '<e;[¢(t)-¢(t+z+10 )]> . <el[¢n(')‘¢n(t+t)]>.. e e,

which, in the case of a matched interferometer, reduces to
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T(c)= G2E} +ES +E* + 2GE2E? + 2GE2E? + 2E2E2
+GE2E2.- <e'[¢(')—¢(t+f)]> . <e-'[¢a(‘)'¢«(‘”)]> +ec.
+GE§E,3 .<el[¢(1)+¢(t*7)]> .<e"[¢a(1)+¢n(t+t)]> +C.C. (547)

+GEZE? -6 1 coc.
+E2E?2 ,<ez[¢(e)—¢(t+r)]> . <er[¢a(t)—¢a(t+r)]> T o

where c.c. stands for complex conjugate. This is completely different from (5.43), as
shown in Fig. 5.20.

Without amplifier With amplifier

Phase noise

—»>-

Aw ® ’ Aw

€

Fig. 5.20: Autoccorelation spectra in the case of additive phase noise.

There are now two terms at the beat frequency Aw. The first, whose intensity is GPyP,
corresponds to a delta function representative of a matched path Mach-Zehnder
interferometer. It does not depend on the amplifier. The second, whose intensity P,P, is
much lower, represents the linewidth of the signal affected by the amplifier phase noise
(Fig. 5.20).

We calculated the electrical power of the different terms in Eq. (5.47), in order to
confirm the description of the phase noise as an additive noise. The ac electrical power
of the measured beat signal is given by ([76])

Gampli
Pagcl - 2m2 amplifier
Rioad
is the conversion gain of the photodetector, taking into account the

Prefpsig ’ (5.48)

where Guppiifier
spectral sensitivity, R, is the output impedance of the electrical amplifier, P, and P,
are the optical power of the reference beam and the signal beam, respectively, and m is
the relative fringe visibility defined as

m = Tmeas (5.49)
rtheo
with
L e ki ¥ (5.50)

T,..= , -
meas Ty wl M P+ Py,

max

the measured and theoretical fringe visibility.
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The characteristics of the detectors are given in Table 5-2.

Type of detector | 125 MHz bandwidth | 1.5 GHz bandwidth
(New-Focus 1811) | (Newport AD-300DC)
Gampifier [V/W] 26103 180
Rioad 50 Q 50 Q

Table 5-2: Characteristics of the detectors.

Measurement with a DFB fiber laser

We measured the signal power and the noise power in the case of a DFB fiber laser
with a linewidth of 500 kHz. The noise power in the bandwidth of the laser was
estimated by the measurement of the ASE spectra on both sides of the laser line. The
results are given in Table 5-3.

Optical power P | m (with reference)
Reference beam 7.5 yW
Signal beam 100 nW 1
(without amplifier)
Signal beam 8 pyW 0.8
(with amplifier)
Noise 54 fW 1 (estimated)

Table 5-3: Measured power and fringe visibility on the detector for a DFB fiber laser with
signal linewidth of 500 kHz. The noise power is measured for a bandwidth of
500 kHz.

The measured beat spectra are shown in Fig. 5.21.

e Amplified signal
H ——-  Signal
204 . LRBW3KHz

Power [dBm]

-60 -

Frequency [MHz]
Fig. 5.21: Beat spectra for a signal linewidth of 500 kHz (the bandwidth of the detection is 125
MHz). Noise levels correspond to the results described in Table 5-4.
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The calculated values, according to Eq. (5.48), are given in Table 5-4 and compared
with the measurement of Fig. 5.21. Results are in good agreement. Note that the phase
noise level is overestimated; the calculated electrical power is normally distributed over
a 500 kHz linewidth whereas the value is given for a delta function. However, the order
of magnitude is correct.

Electrical power P [dBm)] P [dBm]
(Calculated) (Measured)
Signal level -16.9 -17
(without amplifier)
Signal level 0.2 2
(with amplifier)
Noise level -79.6 -80
(det. Noise level)

Table 5-4: Calculated and measured electrical level for a DFB fiber laser.

It is obvious from this first measurement, that the phase noise level is below the laser
intensity noise, thus not visible. In fact, phase noise is actually so small that it will
always be hidden by some other noise contribution (from the detector or from the

signal).

Measurement with a SFL source
We did the same measurements in the case of a SFL source. The power and the
relative fringe visibility are given in Table 5-5.

Optical power P | m (with reference) | m (with reference)
(det. 125 MHz) (det. 1.5 GHz)

Reference beam 44 pW

Signal beam 20nW 0.48 0.48

(without amplifier)

Signal beam 1.86 W 0.2 0.2
(with amplifier)
Noise (125 MHz) 70 pW 0.5 (estimated) 0.5 (estimated)
Noise (1.5 GHz) 850 pW 0.5 (estimated) 0.5 (estimated)

Table 5-5: Measured power and fringe visibility on the detector for a DFB fiber laser with

signal linewidth of 500 kHz. The noise power is given for a bandwidth of 500 kHz
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The measured beat spectra obtained with a detection bandwidth of 1.5 GHz are
shown in Fig. 5.22.

f P e Amplified SFL
0 R RBW 3 kHz o
— : Det. noise: -103 dBm
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Fig. 5.22: Beat spectra for a signal linewidth of 18 GHz. The bandwidth of the detector is
1.5 GHz. Noise levels correspond to the results given in Table 5-6.

The calculated values, according to Eq. (5.48), are given in Table 5-6 and compared
with the measurement of Fig. 5.22. The experimental results are again in good
agreement with the theoretical prediction, except for the amplified signal level in the
case of a 1.5 GHz detection system. The relative fringe visibility may have been
overestimated. Note that the electrical level of phase noise must be distributed over the
bandwidth, thus reducing its magnitude even much lower. As the level is already
below the detector noise floor, we did not calculate the exact value. ‘

125 MHz det. bandwidth 1.5 GHz det. bandwidth
P [dBm] P [dBm] P [dBm] P [dBm]

(Calculated) (Measured) (Calculated) (Measured)

Signal level -326 -35 -75.8 75
(without amplifier)
Signal level -20.5 -18.3 -63.7 -56
(with amplifier)
Noise level -103 -82 -146 -103
+(det. noise level) (det. noise level)

Table 5-6: Calculated and measured electrical level in the case of SFL source, measured either
with 1.5 GHz or 125 MHz detector bandwidth.

From all these experiments, we conclude that the measurement of the effect of the
phase noise is not possible because it is smaller than other noise contributions.
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5.3.11 Phase noise in the case of coherent communication

In the case of coherent communication, 2 lasers are used and the effect of the phase
locked loop must be taken into account in the measurement of phase noise. The set-up
was modified to include 2 single-frequency Nd:YAG lasers, locked at a difference
frequency of 10 MHz. The output of one of the two lasers is amplified while the other
serves as local oscillator for the heterodyne detection of the am plified signal (Fig. 5.23).
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Fig. 5.23: Set-up for the measurement of the phase noise using two locked lasers as in the
communication scheme.

In this case, Eq. (5.45) becomes
Egu(t) = VGE; - Jolt) . jiwgt | E, ¢t .ei%alt) 4 E, .ei%2(t) -gloat, (5.51)
where E; and E, are the amplitude of the two lasers, and E,, is the amplitude noise of
the amplifier. The autocorrelation of the intensity at the output of the interferometer is
now
r(t)= G2Ef +E%+E} + 2GEZE? + 2GE? 52 +2E2E3
+GE12E2 < ’['Mt) #i(t+7) ]> < _’[¢" = t")]>+c.c.
+GETE2 ‘<e{¢1(t)*¢1('")] . e_'{¢“(t)+¢“(t+1)]> +cc. (5.52)
+GEZE2- JAnO-a)]y, leat)- #a(t+7)]\. b o

+E§E§‘<e"[¢2(')‘¢2(‘” ]> < ’[¢a ~¢a qu)]> BT e

When the two lasers are freely running, the term GEZE2 produces a Lorentzian shape in
the beat spectrum, whose linewidth is the width of the 2 laser linewidths. When the
lasers are frequency locked, we can assume that the phase difference ¢; - ¢, remains
constant over the time 7. In this case, the term GE12E§ produces a delta function. The
effect of phase noise is again in the form of a Lorentzian pedestal lineshape, of power
E2E3. As for the measurement with one laser, no spectral broadening will appear in the
beat spectrum, as can be seen in Fig. 5.24.
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Fig. 5.24: Phase noise measured for CSEM 100192B fiber amplifier with two frequency locked
lasers.

In coherent communication, the only relevant information is the effect of phase noise
at high frequency, as the drifts of the laser frequency can be easily corrected using a
low-frequency feedback loop. Thus, for the measurement of the beat spectra, the two
lasers are frequency locked with a regulation bandwidth of 10 kHz. The side bands of
the beat spectra give information on the electronic bandwidth required to lock the lasers
in the communication systems (Fig. 5.24).

The replacement of Nd:YAG single-frequency laser by DFB fiber lasers may be
possible but will depend on the results of such an experiment. A project is in
preparation to clarify this point.
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6 All-fiber master oscillator
power amplifier

HE systems investigated so far were all based on a single-frequency solid-state
laser, as this was the only device commercially available at the beginning of the
project. However, during the course of the studies, it became also interesting to
investigate other solutions, either to reduce weight or to increase the total output

power.

A very interesting approach is to build an all-fiber MOPA. This has been
demonstrated at 1.55 pm, with an output power of 160 mW [77], using a single-
frequency fiber laser followed by a power amplifier. The wavelength is well controlled
and the power can be set to the correct level required by the communication.

The same concept may be important at 1.06 pm for intersatellite coherent
communication systems, because it may help to replace some bulky components in the
emitter, thus reducing weight of the transmitter head. However, the requirements on
linewidth are tough, so that good single-frequency fiber lasers have to be build first.

The highest integration is achieved when an all-fiber phase modulator is combined
with the all-fiber MOPA. This is possible using piezo-electric coated devices.

We replace the Nd:YAG laser by a single-frequency fiber laser. In combination with
an inline phase modulator, we get an all-fiber MOPA. Section 6.1 describes possible
approaches for the fiber laser and presents results we obtained using a DFB fiber laser
from Jonas (Denmark) and a new phase modulator design made at the EPFL. It has
been submitted for publication in Photonics Technology Letters [78].

After a short review of both single-frequency and phase modulator, we present, to
our knowledge, the first all fiber phase-modulated master oscillator power amplifier. It
opens the way towards new design of coherent communication systems.
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6.1 Single-frequency fiber lasers

The simplest structure for fiber lasers is the Fabry-Perot resonator, but it normally
does not generate single-frequency operation because of the large gain spectrum and
spatial hole burning [13]. This effect can be suppressed using very short cavities, but
resulting in poor pump absorption and low efficiency. Moreover, the resulting
linewidths are too large compared with the requirements of coherent communication
systems.

It has been noted that for two and three-leve! laser transitions, a piece of unpumped
doped fiber in the cavity acts as a saturable absorber, reducing the transmission loss for
the lasing mode comparing with the less powerful competing modes. This principle has
been applied to Er3+ doped fiber laser [79] but without true single-frequency operation.
Paschotta [80], using about 1 m long Yb3+ doped fiber, demonstrated single-frequency
operation with a linewidth in the range of kHz. However, the emission wavelength in
Yb3+ system depends on the length of the cavity [5] and on the pump wavelength [81]
so that it may be difficult to select it in the desired range. For this reason, we
investigated other solutions, such as traveling wave loop and Fox-Smith resonators.

6.1.1 Traveling wave loop resonator

Traveling wave operation eliminates spatial hole burning and prevents multi-mode
operation [82]. Combining this principle with a saturable absorber and narrow band
feedback using a Bragg grating, Cheng et al. [83] realized a stable single-frequency
tunable fiber laser at 1.55 ym. Based on the same design, we have built a system for
1.06 nm, where the gain media is a Nd3* -doped fiber and the saturable absorber is an
Yb3+ doped fiber (Fig. 6.1).

Pump laser diode
or Ti:Al,O4

WDM 800/1060

Nd3+210192C

3

Bt Babinet-Soleil
Compensator

==

Optical isolator

Bragg grating
HitHHH—

Nd3+:Yb3+ 030795
Fig. 6.1:  Traveling wave loop resonator using Nd3* doped fiber as gain medium and
Nd3+:Yb3* doped fiber as saturable absorber.
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The polarization controller allows adjusting the polarization state to the
birefringence in the cavity. We obtained stable single-frequency operation over time in
the range of 20 ms, but we were not able to stabilize it. The spectrum was measured
using a Fabry-Perot analyzer (Burleigh SAPs Spectrum Analyzer System) with a FSR of
9 GHz and a resolution of 30 MHz. The result is shown in Fig. 6.2
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Fig. 6.2:  Emission spectrum of the single-frequency traveling wave resonator. The spacing of
the peaks is the FSR of the Fabry-Perot analyzer.

6.1.2 Fox-Smith resonator

A Fox-Smith resonator is made of two coupled cavities with different lengths. Strong
mode selection is obtained through the Vernier effect; the only modes which oscillate
are those which have the same resonance frequency in both cavities. Thus, Fox-Smith
resonators are sensitive to the length ratio of the cavities, allowing long resonator and
narrow linewidth. They have been investigated theoretically by Urquhart ([84] [85]) and
demonstrated experimentally using erbium doped fiber by Barnsley et al. [86]. Again,
we build a system at 1.06 pm to check its feasibility for coherent communication. The

set-up is shown in Fig. 6.3.

Pump laser diode

Bragg grating
Fig. 6.3:  Fox-Smith resonator using one Bragg grating for narrow emission.
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A resonator build around a coupler can be described using complex electric fields

propagating towards and away from the coupler, as reported by Urquhart [84].

Urquhart solved the equations for transversely coupled Fabry-Perot and Fox-Smith

resonators, through a lot of cumbersome algebra. These equations, written in the form

of matrix, can be solved in a much easier way using numerical computing. Moreover,

the method can be applied also to other cavity designs based on couplers.

Fig. 6.4: Nomenclature of the
electric fields in a four-
port device, as used in
Fox-Smith resonator.

The electric fields are defined in Fig. 6.4. Indices a
stand for fields travelling away from the coupler
while indices ¢ stand for fields travelling towards the
coupler. We assume that the coupling coefficient is k
for amplitude. Thus, at the output of the coupler, the
transmitted field is simply multiplied by v1-k if it
is in the same fiber as the original field and by jvk
in the other. The complex number j stands for the
phase difference between transmission and reflection
in the coupler, as required by the conservation of
energy.

The transmission losses in the coupler are
neglected, as well as its length.

The complex electric fields in the case of a Fox-Smith resonator can be described

according to the following sets of equations:

Ef = EiVi-k+ELjvk
E§ = EAVI-Kk+ELjvk
Ef = EA1-k+Ejjvk
Ej= EIVi-k+Ebjvk
E{ = Ejn tyexp|(-a+ jB)Ly|+n Ef -exp[2(-a + jB)L4 |

Ei= 0

(6.1)

Ei= r-E} -exg[Z(—a +jB)Ls]

Eh= 13-Ef-ex

2(—a + jﬂ)L4] ,

where a is the transmission loss in the fiber, g is the propagation constant (=2nn,/\), r;
and ¢; are the field coefficients of reflection and transmission (amplitude) for the mirror
iand L; is the length of fiber between the coupler and the mirror.



Wiritten in matrix, Eq. (6.1) becomes

Single-frequency fiber lasers 89

1 0 0 0 0 0 -jvk —1-k|[Ef 0
0 1 0 0 . 0 0 -V1-k -jvk ||E2 0
0 0 1 0 -Vi-k -jvk 0 0 ||ES 0
0 0 o 1 -jvk —¥i-k 0o o |Ef [ ©
-n¢(2L,)0 0 0 1 0 0 0 |[Ef| |te(Ly)
0 0 0 0 0 1 0 0 ||E 0
0 0ng(2L;) O 0 0 1 0 ||E 0
0 0 0 -rg(2L,) O 0 0 1 ||E 0

E.

n

(6.2)

with ¢(2L;)=exp[2(-a+jB)L;] and ¢(L;)=exp[(-o+jB)L;]. It is then straightforward to solve

for Ept.

We have solved numerically this equation using the following parameters:

Wavelength 1.06 pm

Index of refraction 1.5

Fiber losses 0.003 m-!

Coupling ratio 0.5

i T;[%] | Ri{%] | L;[m]
1 5 95 0.385

2 100 0 -

3 6 94 0.253

4 6 94 0.1795

Table 6-1: Definition of the parameters used in the simulation of the Fox-Smith resonator.

The output power in arm 2 is shown in Fig.

6.5.
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Fig. 6.5:  Simulation of the output power of arm 2 of the passive Fox-Smith resonator.
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The output power in arm 3 is shown in Fig. 6.6.

5 0.4 T
S,
& 03
% .
g
: l : : ; e
1 I I | I I 0
1.5 20 25 3.0 35 40

Frequency [GHz]
Fig. 6.6:  Simulation of the output power of arm 3 of the passive Fox-Smith resonator.

The mode spacing is the same in the two arms, as expected for the same cavity. The
difference for output on arm 2 or 3 is discussed in [86]. As can be seen in Fig. 6.5 and
Fig. 6.6, the passive Fox-Smith resonator has a mode spacing in the range of 1.5 GHz.
This is normally sufficient to achieve single-frequency operation when we take into
account mode competition phenomena.

With this configuration, we actually obtained single-frequency operation, though not
very stable. The output spectrum is shown in Fig. 6.7.
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Fig. 6.7:  Emission spectrum of Fox-Smith resonator. The actual linewidth is 35 MHz. The
resolution of the Fabry-Perot analyzer is 27 MHz.
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The linewidth of this configuration is in the order of 35 MHz, thus not as narrow has
expected. Moreover, the laser jumped from one mode to another. This demonstrates
that the mode spacing is not sufficient to get rid of mode hopping, because each
dominant mode has the same possible output power. Thus, the smallest perturbation of
the system gives the possibility for the emission to jump. We should probably add a
piece of unpumped doped fiber in arm 3 or 4 to build a saturable absorber as described
in [80].

The method of the complex electric field has also been applied to travelling wave
loop and to ring resonators.

6.1.3 DFB fiber laser

Distributed feed-back fiber laser became commercially available recently. They are
based on long Bragg gratings written in a piece of doped fiber. We bought such a laser
from Ionas A/S, Denmark. This laser has the following specification:

Specification of Ionas DFB fiber laser

Linewidth < 500 kHz, Single polarization mode, no mode hopping
SNR > 60 dB

Temperature stability < 7 pm/K

Output power: 10 mW for 100 mW pump power at 980 nm.

Table 6-2: Specification of Ionas DFB ytterbium doped fiber laser [87].

The stability of this fiber laser strongly depends on the pump wavelength. Moreover,
as the laser is not packaged, it is sensitive to birefringence, thus sometimes producing
cross-polarization operation.

The DFB fiber laser was backward pumped through a WDM 980/1064 nm coupler by
a 975 nm pigtailed laser diode made by Uniphase Laser Enterprise. The available pump
power was about 300 mW. When pumping the fiber laser, we obtained up to 25 mW of
output power. Such a power is compatible with the fiber amplifier to get more than 1 W
total output power. Thus, such lasers are serious candidates to replace the heavier and
bulkier Nd:YAG laser in space applications. However, further investigation are
necessary, mainly to determine whether two such lasers can be frequency locked or not.

Due to the strong industrial interest encountered by the DFB fiber laser approach, a
new project is in preparation for investigation of laser fine and fast tuning.
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6.2 All-fiber phase modulator

The phase modulator is made of piezo-electric material sputtered around an optical
fiber. The radial stress induces a variation of the index of refraction, thus a phase
modulation.

The all-fiber phase modulator consists of concentric electrodes and piezoelectric
coating that form a cylindrical actuator around the fiber [88]. The bottom electrode is
made of a 10 nm thick Cr layer and a 100 nm thick Au layer, deposited by thermal
evaporation. The 80 mm long ZnO piezoelectric jacket with a thickness of 6 ym is
deposited by reactive magnetron sputtering. The top electrode is made of 2 and 6 mm
long Cr/Au segments with a thickness of 20/200 nm, deposited by thermal evaporation
(Fig. 6.8).

ZnO Top electrode

Piezo-electric coating

Fiber core

Fig. 6.8:  All fiber phase modulator based on ZnO coating of standard fibers.

When an electric field is applied to the ZnO coating, a strain results due to the
converse piezoelectric effect. Since the piezoelectric and the bottom electrode coatings
are bonded to the fiber, the strain induced in the piezoelectric coating is elastically
coupled into the fiber. Light waves propagating along the fiber experience then a phase
shift.
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Fig. 6.9:  Phase modulation amplitude between 10 and 400 MHz for an applied source voltage
of4 V.

Fig. 6.9 shows amplitude of the phase modulation as a function of frequency between
10 and 400 MHz for 4 V amplitude of the electrical signal. The modulator was 6 mm
long. The peaks are due to the radial mode resonances of the coated fiber structure. The
fundamental peak at 22 MHz is followed by regularly spaced resonance every 44 MHz.
For relatively low voltage (< 5V), the amplitude of the phase modulation is a linear
function of the excitation. At higher voltages, the response becomes non-linear and the
resonance frequencies are shifted to higher values. A maximum modulation depth of
about 1.4 rad was measured at 1550 nm [88]. Using the device at 1.06 pm results mainly
in a higher modulation depth (up to 2 rad). More recent devices have been tested at
higher modulation frequencies and are thus compatible with the requirements of
coherent communication [89].

These modulators are made at the Laboratory of Ceramics, EPFL (Swiss Federal
Institute of Technology) and characterized at the Institute of Applied Optics, EPFL.
These phase modulators are of great interests for coherent communication. As they are
based on standard fibers, they do not introduce power limitation as bulk modulators
do. As a result, they can be placed before or after the fiber power amplifier.
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6.3 Realization of an all-fiber MOPA

Using the devices described in the previous sub-section, we built an all-fiber phase
modulated MOPA system, combining the DFB fiber laser, the phase modulator and the
high-power fiber amplifier (Fig. 6.10).
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Fig. 6.10: All-fiber MOPA combining DFB fiber laser, phase modulator and fiber amplifier.

We measured the gain and the output power of this system. As expected, results are
closed to the other investigated amplifiers. However, the DFB laser was not as stable as
predicted by the manufacturer so that it was not possible to investigate the gain of the
all fiber MOPA at very low signal input power.
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Fig. 6.11: Fiber amplifier output power versus DFB fiber laser input power. The amplifier is
made of a 9 m long 455K3 fiber coiled in kidney shape and pumped with the Fisba
laser module.
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The phase was modulated at 196 MHz, a resonance frequency of the piezoelectric
coating. The phase modulation depth was simply measured with a scanning Fabry-
Perot spectrum analyzer. The modulation depth Ag can be obtained from the ratio

2
B _ (M) , (63)
B \Jo(A9)
where Py and Py are the power in the first harmonic and in the carrier, and J; and J; are
the first and zero order Bessel functions [90]. A typical spectrum of the phase
modulation is shown in Fig. 6.12.
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Fig. 6.12: Fabry-Perot measurement for a depth of modulation of Ap = n/2 at 196 MHz.

Phase modulation depth up to 1.8 rad have been measured in this condition, at
1.06 pm. We did not observe any difference in the phase-modulated spectra before and
after amplification. However, when the DFB fiber laser was operating in dual
polarization mode, the output power was equally distributed over the 2 modes.

This work demonstrates that all-fiber structures are now viable solutions in terms of
power and data rate. Their main advantages are low insertion loss and a reduction of
weight, which are key issues in the context of coherent space communication systems.
To the best of our knowledge, this is the first demonstration of an all-fiber phase
modulated master oscillator power amplifier. It opens new possibilities for the
application of powerful all-fiber structure in coherent communication.
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7 Conclusion

PTICAL communication in space is becoming more and more important, as the

requirements for bandwidth and also the number of satellites requiring inter-
satellite links (ILS) are increasing. For high data rate ISL, coherent optical
communication seems to be the best solution, because it provides the highest receiver
sensitivity, which helps to minimize the size and the weight of the communication
terminal.

The short range optical intersatellite link (SROIL) proposed by the European Space
Agency is one possible approach. The design relies on a low power stable single-
frequency Nd:YAG laser, which is phase modulated and amplified up to the required
output power. Double-clad doped fiber amplifiers have been identified as most
promising optical amplifiers for this project.

During this work, we developed and investigated a double-clad Nd3+-doped fiber
amplifier, designed for the SROIL project.

The polarization stability, which is important to maintain the contrast in coherent
communication, is stable within 1° in orientation and the extinction ratio is above 100:1.
The variations are slow, in the order of a few tens of seconds. The variations of the
polarization are due to thermal expansion of the mechanical support, mechanical
vibrations and thermal perturbations of the fiber. The amplifier is completely saturated
with an input power of 5 mW and delivers up to 1.3 W output power. It is shorter than
other double-clad fiber systems, which is of interest to reduce radiation sensitivity and
to increase overall efficiency. The amplified spontaneous emission (ASE) reduces the
signal-to-noise ratio of the communication systems, though it is filtered by the coherent
detection. When the amplifier is working in complete saturation, the ASE power
represents less than 10 % of the total output power for signal input power of 10 to
60 mW. The dopant concentration is optimal around 2% weight. It was, however, not
possible to demonstrate whether it is a general rule or not.
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The fiber amplifiers developed as part of this project fulfilled the requirements of the
SROIL terminal. However, the power may not be sufficient to extend the high-data rate
links to medium or long distances GEO-GEO applications, where several Watts are
necessary. It has been demonstrated that fiber amplifiers are capable of a few tens of
Watts, but they will be limited somewhere by the destruction of the fiber or by non-
linear effects. Assuming the fiber amplifier acts as a pre-amplifier for a more powerful
device, it is straightforward to consider the combination of fiber and solid-state
systems. We used a Nd3+ -doped double-clad fiber and a Nd:YAG crystal to
demonstrate the principles of dual-stage amplifiers system for coherent communication.
The single-mode, single-frequency output power is as high as 3.5 W with a gain of
28 dB. The output power in our experiment was limited by the crystal amplifier, which
cannot be driven into saturation. Thus, it was not possible to extract all the available
power. However, using a more powerful fiber amplifier as the first stage, we can expect
at least 10 W out of the booster crystal. Moreover, Nd:YAG lasers of a few tens of Watts
are already available, showing that this second stage may be scaled to even higher
power. To the best of our knowledge, this is the first demonstration of two-stage
amplifiers combining the advantages of fiber and crystal amplifiers. It opens new
possibilities in the field of high-performance coherent space communications.

Power is not the only issue in space communication systems; weight is another one.
For this reason, we investigated the possibility to minimize the number of components
requiring free-space coupling and to replace them with an integrated solution. We
combined a single-frequency DFB fiber laser, a novel all-fiber phase modulator and a
double-clad high power fiber amplifier to demonstrate a compact all-fiber phase
modulated master oscillator power amplifier. The resulting single-frequency output
power was in the range of 1 W. The phase modulator introduced a phase modulation
depth of x/2 at a 200 MHz frequency, with sufficient growth potential to higher
bandwidth in the GHz range. This demonstrated that simple all-fiber structures are
now viable solutions in terms of power and data rate. Their main advantages are low
insertion loss and a reduction of weight. This is again, to the best of our knowledge, the
first demonstration of an all-fiber phase modulated master oscillator power amplifier.
All-fiber structures seem now to be interesting for space communication. However, the
stability of the fiber laser may not be sufficient yet to achieve high data rate in the
Gbit/s range. A new project on fine-tuning of DFB fiber laser and linewidth
measurement will start soon at IMT in order to investigate in more detail this question.

During all this work, the question of phase noise added by optical amplifiers just
puzzled us. In intersatellite coherent communication systems, two lasers separated by a
distance of 1000 km or more, must be frequency locked. When phase noise becomes too
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important, this results in a reduction of the communication bandwidth. For MOPA
structures, the effect of the phase noise introduced by the fiber amplifier must also be
taken into account.

The effect of phase noise introduced by fiber amplifiers was first measured in 1990
and was found to broaden the linewidth of the amplified signal. A first model was
proposed by Cowle, following the treatment of laser linewidth broadening. The signal
at the output of the amplifier was measured with a matched path Mach-Zehnder
interferometer. The shape of the beat signal changed from a delta function to a
Lorentzian function in presence of the fiber amplifier. A more formal approach, the
semiclassical model, was later derived, but seemed in contradiction with the
experimental results. A paper published by Méller in 1998 incriminated the original
work; the experiment of Cowle was reproduced, but the results were different. No
spectral broadening had been seen and, consequently, more detailed experimental and
theoretical investigations have been undertaken to solve this problem.

In the semiclassical description of phase noise, the spectral broadening depends on
the linewidth and the power of the signal at the amplifier input. Therefore, we
measured the linewidth of the signal with and without amplification, for different
sources. Our results confirmed that phase noise do not apply in a way similar to line
broadening in laser cavities; no spectral broadening was measured. This invalidates the
semiclassical approach and confirmed the measurement reported by Méller in 1998.

Going back to the description of noise in amplification, we proposed that phase noise
is an additive process, rather than a multiplicative one as described in the earlier
original models. As a result, there is no spectral broadening of the signal linewidth due
to the fiber amplifier. The beat signal at the output of the matched path Mach-Zehnder
interferometer is always a delta function, but a Loretzian pedestal appears in the case of
amplification. However, the upper level of this pedestal is normally hidden by the
intensity noise of the signal or by the noise of the detection. As a result, the effect of
phase noise is not critical in the sense of coherent communication, so that optical
amplifiers are indeed a good solution for high-gain high-output power and high-data
rate optical links.

The comprehension of phase noise is of scientific importance. The controversy about
the effect of phase noise in fiber amplifier has been understood and a valid solution has
been shown. Moreover, we proposed a description of phase noise consistent with our
experimental results and also with previous results published in literature.
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