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ABSTRACT

In this thesis present a study of the entangled photons states regeneration by using a fiber
ring resonator incorporating an erbium-doped fiber (EDF) has been investigated. We have shown
that the weak entangled photons states can be recovered after circulating in the amplified fiber
optic medium. The output entangled photons states can be re-generated by adjusting the
polarization controller of the amplified photons. where the re-generated entangled states can be
controlled and performed. A polarization controller controls polarization stafes of light pulses
while they circulate in the ring resonator. The superposition of the nonlinear light pulses in a fiber
optic ring resonator randomly occur by nonlinear four-wave mixing type. The results obtained
have shown that this system can be used to achieve the recovered polarization entangled states
with the obtained high gain. The amplifying noise has also been detected and seen on the
spectrum output. This is affected to the entangled photons visibility. An investigation the thermal
effects on the entangled photons states. The relationship between thermal effects and the
entangled states phase shift. Which means the entangled photons states walk-off due to the
change in temperature could be compensated and achieved by using a pair of the polarization
control devices. This is shown that the changes in phase of the entangled photons can be

negligible when the compensation is employed.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

Quantum communication has become the popular system of the communication link,
because its advantage utilizes the information security. The required information can be secured
by using a technique known as quantum cryptography. Up to now, there are several systems that
can be performed the quantum cryptography via communication link. The free space link has
been proposed by Manderbach et al. [1]. Recently, the use of quantum cryptography via satellite
has also been proposed by Pfennigbauer et al. [2]. They have shown the very promising results of
the key requirement i.e. information security, where the implementation of the quantum
cryptography in the communication network is plausible. However, the basic problem of the long
distance link is occurred by the common effect i.e. signal degradation, therefore, the technique of
signal amplification will be the subject of the investigation, especially, the signal recovery.
Recently, Suchat and Yupapin [3] proposes a new system of quantum key distribution via an
optical wireless communication links, where the requi}'ed information is secured by using a
quantum code/decode (CODEC) technique incorporating in the networks. The proposed system
consists of a quantum key, uplink and downlink parts that can be implemented in the mobile
telephone hand set and networks. The idea of the quantum repeater has been proposed for loPg-
distance entanglement [4]. This is created by distributing the entangled states over sufficiently
short segments of a channel, which can be purified and connected via the entanglement. However,
due to their rather low success probabilities in the initial entanglement distribution, these
protocols feature the very low communication rates. In case of the system using weak light input
(i.e. without pumping part and component), the fiber acts as a nonlinear medium because of the
optical Kerr effect and four-wave mixing in fiber ring resonator. When a polarized pulse or
polarization entangled photons enters into a fiber ring resonator incorporating an erbium-doped
fiber (EDF) , the nonlinear effect i.e. Kerr type occurs which is induced the entangled states as [5].
Recentry,Yupapin et al. [6] have reported a very promising technique of signal transmission
security using chaotic behaviors of light propagating in a nonlinear fiber ring resonator.
The required signal can be secured by using the chaotic signal waveform , where the
signal retrieval can be introduced by the end users. Using this technique ,the chaotic

codes can be also generated , which has been proposed by Yupapin and Suwancharoen (7],



The major parameters of the system which can be induced the chaotic behavavior of light
while traveling within the fiber ring resonator are a fiber ring radius and input optical
power.

Quantum entanglement is a physical resource, like energy, associated with the peculiar
nonclassical correlations that are possible between separated quantum systems. In effect, the very
possibility of considering a particle or system as possessing objective properties depends on its
entanglement with another particle or system. Quantum entanglement has been widely studied
and investigated during the 1990s. The Austrian-born Erwin Schrodinger, who in 1933 shared the
Nobel Prize with Paul Dirac, introduced the conventional idea. Albert Einstein proposed a
situation that came to known as the EPR (Einstein-Podolsky-Rosen) paradox, where he called
attention to the fact that while it was impossible to know whether a single photon would pass or
be absorbed by a filter paired photons. Would a subject to the same polarization test always being
entangled. The experiment simply succeeded, where the entangled went of a single/two photons
was observed and this has been used in some applications in quantum cloning, quantum

teleportation, measurement and cryptography.

1.2 Objective of the Study
1.2.1 Study process of entangled photons generation using fiber optic.
1.2.2 Study the ring resonator incorporating erbium-doped fiber
1.2.3 Study the éntangled photons states regeneration.

1.2.4 Study the entangled photons state walk-off compensation.

1.3 Scope of Study
The aim of this study is to show that the entangled photons regeneration study based on fiber
optic ring resonator, and then we will show properties of the experiment methods. We will then

make a conclusion the properties of each method.

1.4 Process of the Study
1.4.1 Study the theory of fiber optic ring resonator.
1.4.2 Study the theory of quantum entangled photons generation.

1.4.3 Study the theory of the erbium-doped fiber amplifier.



1.4.4 Setup on the entangled photons regeneration system using fiber optic ring resonator
incorporating erbium-doped fiber optic.

1.4.5 Conclude and discuss the results.

1.5 Expected Results
1.5.1 Important physical meaning; i.e of quantum and entangled photons sates regeneration
will be clearly understood.
1.5.2 Effects of temperature, nonlinear effect in fiber ring resonator, and external applied
will be acknowledged.
1.5.3 Potential advantages of fiber optic ring resonator and entangled photons generation

are utilized.



CHAPTER 2

RING RESONATOR

In this chapter, I will describe the material system which was used for the planar
waveguide and the theoretical of ring resonator, resonance characteristics of ring resonators, fiber
optic ring resonator and processes that affect the performance of material system which was

used for fiber optic.

2.1 The Ring Resonator

The proposal to use an integrated ring resonator for a band pass filter has been made in
1969 by E. A. Marcatili. The transmission properties of the used guide consisting of a dielectric
rod with rectangular cross section, surrounded by several dielectrics of smaller refractive indices
have been described by E. A. Marcatili .A general architecture for an autoregressive planar
waveguide optical filter was demonstrated for the first time in 1996. The autoregressive lattice
filters which were designed and fabricated consisted of one and two stages using Ge-doped silica
waveguides.

A signal flow chart transformation for evaluating the filter transfer functions was
demonstrated. Purely passive si'ngle ring resonator filters have been realized in the material
system AlGaAs-GaAs and Si-SiO, and Si,N,- SiO,. The radius of the used ring resonators is
between 5 um and 30 gm and the free spectral range (FSR) achieved is between 20 nm and 30
nm. Passive ring resonators in the form of a racetrack have been realized in the material system
GalnAsP and AlGaAs-GaAs. The filter performance is limited by bending and scattering losses in
the resonator. These losses could be compensated for by using an active material instead or in

addition.

2.2 Basic Ring Resonator

A ring resonator is simply a waveguide shaped into a ring structure as shown in Fig. 2.1
When an input electric field, E; is coupled to the ring waveguide through an external bus
waveguide, a positive feedback is induced and the field inside the ring resonator, E,, starts to
build up. Coupling between the straight and the ring waveguide is achieved through the

evanescent wave. Therefore, the gap and coupling length between them determine how much



power is coupled from the straight waveguide to the ring waveguide and vise versa. The feedback
mechanism is simply induced by the ring waveguide and therefore there is no need for any Bragg
gratings, mirrors, or distributed feedback waveguides which are more difficult to fabricate. In
such configuration, only certain wavelengths will be allowed to resonate inside the ring

waveguide, thus frequency selectivity is obtained.

E; [ i E,
Input port 5 >< A K throughput port
E,

Fig. 2.1 Schematic diagram for a ring resonator coupled to a single waveguide.

The transfer function of this configuration is derived using Z-transform analysis. The
circumference of the ring is L (L =2z R, the radius is R ), the coupling coefficient of the coupler

is k. The Z-transform parameter is represented by z™' =exp /!

2 .
where &, =7” 7 is the
propagation constant and 7, is the effective index of the waveguide. The one round trip loss
isa=exp™®L/2, a is the intensity attenuation coefficient inside the waveguide [unit length™].

The transmitted or throughput field at the output of the straight waveguide, E, and inserted

electric field, E; relations can be derived as followed:-

E, =(l—y)}éx[E,--ﬂ+j-E,2\/;]. (2.1)
E, =(1-7)/sz[f-E,-JE+E,2-J1_—7]. (2.2)

E

r.

,=E,-azt. (2.3)



Using these equations, E,/ E; can be calculated:

E /2 \/l—t(—(l—}')llz-az'l
_‘(1—7’)1 x /2 |- (24)
E; 1-(1-7)? - V1-x -az
The transfer function in Eq. (2.4) indicates that a ring resonator is very similar to a
Fabry-Perot cavity. In the particular case shown in Fig. 2.1, the corresponding Fabry-Perot cavity
would have an input mirror with a field reflectivity and a fully reflecting output mirror. However,
the field propagating inside the ring cavity is a traveling wave in contrast to the Fabry-Perot
cavity which resonates a standing wave.

In the following, new parameter will be used for simplification:

D=(-p)"?

x=D-exp“’“2

y=+l-x
¢=k,-L

2.5

The intensity relation for the output port is given by:

2
SRR = T2 R

(1—-Jc-y)2 +4-x-y-sin2(§

The transmission spectrum of a single ring resonator is shown in'Fig. 2.2. The maximum

and minimum transmission is calculated, using:

_pr. Gt )
e = DS @)
pr. @yt
R e (2.8)

The minimum transmission T, , occurs at resonant point when the circumference of the

ring L , is an integral number of guide wavelength which is defined by



¢=k, - L=2mnm, m = integer

m-A,=n-L. 2.9

Here, m is the mode number, 4, is the resonant mode wavelength.

On-Off

ratio

¢ ?.(Jn + l)ﬁ'
Fig. 2.2 Transmission characteristic of a single ring resonator.

The on-off ratio for the throughput and drop port, which is the ratio of the on-resonance

intensity to the off- resonance intensity which is given by:

T
ON — OFF ratio = ~mex{roughput port) (2.10)
. min(drop porl)

The on-off ratio will become maximum if

Tin =O:>x=y:>a=-——l--ln(11;2x). (2.11)

L



This relationship is also referred to as the critical coupling. The maximum on-off ratio

[—;L(Zmn'):O , Fig. 2.3] can be achieved by varying the coupling factor x or the intensity

1

attenuation coefficient @ (Eq. 2.11). The value of a can only be changed severely by the

implementation of an SOA within the ring resonator or using an all-active ring resonator.

A 10°

w
m
1]
—

w
T
1

N

h
]

o
I

b

o

o
1

N
T
1

= 100 Lm

. , . . -1
Intensity Attenuation Coefficient & [lom ]
n

06 07 08 09 ~71
Coupling Coefficient, X

8 01 02 03 04 05

Fig. 2.3 Evaluation of the ideal coupling coefficient x for a given intensity attenuation

coefficient ¢ .

The ideal intensity attenuation coefficient a for single ring resonator to achieve a

maximum on-off ratio [;—’(mer)=0], for example, with a radius of R=100 um, a power
1

coupling coefficient of x = 0.5, an intensity insertion loss of the coupler of D? =85% (y =15%)is

taken from the diagram (Fig. 2.4) to be @ =0.0008 um™.

2.2.1 Field Enhancement

At steady state, the field circulating inside the resonator can be also written as

E;=Q-y 2x[j-E,-\/;+E,,-Jl—x-a-z'I]. (2.12)



Therefore the ratio of the circulating field to the input field which does not take into account

coupling losses (7 =0) is given by

En . Jx : (2.13)
E, 1-J(-x)-a-z"

We define the Field Enhancement Factor FE, as the magnitude of the ratio of the
circulating field inside the resonator E,; , to the input field E; , at resonance, i.e., § =0. The FE is

thus given by

E Jr
FE={=1 - XL __ (2.14)
El, 1-{1-5)-a

The higher the FE, the higher the built up intensity inside the resonator and thus the
lower the amount of input power required to induce nonlinear effects. Therefore, it is very
important to understand what factors limit the FE for a given ring resonator. In Fig. 2.4, we plot
Eq. (2.14), for different values of the round trip field transmission, a, and field coupling
coefficient, £ . As can be seen, the higher the value of a and therefore the lower the round trip
loss, the higher the FE obtained by the resonator. Also, for a given value of a, the FE peaks at a

maximum then decreases as a function of x , as we will discuss in the following subsection.

Field Enhancement FE

P N 2 "l

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Coupling Coefficient, x

Fig. 2.4 Field Enhancement, FE, versus the coupling coefficient « , for: (a) a=0.96, (b) a=0.98,
(c) a=0.99,and (d) a=+1-«
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2.2.2  Critical Coupling

The maximum FE that is feasible by a ring resonator can be obtained mathematically by
differentiating Eq. (2.14) with respect to x , and equating the result to 0. Doing the math, we find
that this happens when a=+1-x , and it yields a maximum FE equal to1/x . Moreover, at
resonance, the transmission-transfer function, given by Eq. (2.4), has a magnitude of 0, when the
above condition is met. That is all the power coupled to the resonator is equal to the power
consumed by or lost inside the resonator. This criterion is known as critical coupling and is
desirable in some applications where high switching contrast is required. In Fig. 2.5, we plot the
throughput transmission and the normalized resonating intensity for a critically coupled ring
resonator. At resonance, a complete extinction is achieved for the throughput transmitted
intensity. On the other hand, the circulating intensity inside the ring is much higher than the input

intensity due to the FE effect.

10 ’ [ b
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Fig. 2.5 Throughput intensity transmission (solid line) and normalized resonating intensity
(dashed line) for a critically coupled ring resonator that has a refractive index of

3.5,diameter of 20 um, and a power coupling coefficient x =10% .



11

2.3 Resonance Characteristics

The performance of resonators can be measured in terms of the resonance width, the free
spectral range, the finesse, and the quality factor. Here we derive (approximate) expressions for

these characterizing quantities.

2.3.1 Resonance Bandwidth
The resonance bandwidth determines how fast optical data can be processed by a ring

resonator. The resonator bandwidth is given by the full width at half maximum (FWHM) of the

L

ring intensity resonance or.its 3 dB bandwidth (= (#) =0.5 ). It also is a measure of a sharpness of
7 arp

i

the resonance. The FWHM of the single ring resonator is given by

sp=20=%7) (2.15)

NE

To understand how the bandwidth of the resonator is affected by the coupling coefficient,

x we will consider a critically coupled ring resonator. In such a case, Eq. (2.15) results in

8¢ = ———=. (2.16)

Therefore, the lower the coupling coefficient, x the smaller the resonance bandwidth. On the
other hand, Eq. (2.14) shows that the lower the coupling coefficient, x the higher the FE of the

resonator.

2.3.2 Finesse, F
The finesse F of the resonator is defined as the ratio of the free spectral range and the full
width at half maximum of a resonance. For the Fig. 2.3 using FSR in term of phase is equal to 27

and thus the finesse is given by

FolE _TANXY (2.17)
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The finesse gives the resoling power of the resonator when used as a transmission filter.
An interesting fact is that resonator finesse is independent on its dimension or circulating light
wavelength. It is only a function of coupling coefficient and internal loss. The finesse of a critical

coupling (x = y ) is given by

F = n-y =7r-\/1—x

x=y—l_y2 I's

(2.18)

m-x n-Dexp™™'?
F.,= =

2 1-x* 1-D? exp® (2.19)

The finesse F depending on the coupling coefficient « at the point of maximum on-off ratio is

shown in Fig. 2.6.

100

80

Finesse F

40

20

Fig. 2.6 Finesse depending on the coupling coefficient & at the point of maximum on-off ratio.

The finesse depending on the intensity attenuation coefficient of the ring @ at the point

of maximum on-off ratio for a ring resonator with R=100 #m is shown in Fig. 2.7.
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Fig. 2.7 Finesse depending on a at the point of maximum on-off ratio.

A high finesse F > 10 can be realized using a coupling coefficient x <0.3, a coupler with

¥ <15% and an intensity attenuation coefficient of the ring & <0.0001 u mt.

2.3.3 Free Spectral Range, FSR
The frequency spacing between two resonance peaks is call the free spectral range which
is calculated as follows: The phase constant which corresponds to ¢ =2-m-x is defined ask . The
phase constant which corresponds to ¢ =2-(m+1)-# is defined ask + Ak .
The frequency shift A f and the wavelength shift AA are related to variation of the phase constant
2

Akas Af =—2~c—--Ak andAd=- 2—)-Ak . The resonance spacing in terms of the frequency f
T T

and the wavelength A are given by

Af = : (2.20)
ng?\' L\
/12
Ad=|- , (2.21)
ng-L

where ng, is the group refractive index, which is defined as
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TRk

(2.22)

Using 8¢ =d(k, - L) = EFE , the FWHM &4 in term of frequency and wavelength at the resonance

peaks are given by

[
ST = 2.23
4 F-ng-L 223)
2
SA=— (2.24)
Fn,-L

The finesse can also be calculated using the FSR (A f or A1) and the FWHM (6 f or 61) of a

filter and is given by

L
in the frequency domain: Af _ e | F. (2.25) .
éf ¢
Fng, L
2
. . AA ng.L
in the wavelength domain: r R F. (2.26)
F-ng, L

2.3.4 Quality Factor
Another value for characterization of ring resonators is the quality factor Q. The Q
factor of a resonator is a measure of the sharpness of the resonance. In analogy with electrical
circuits, the quality factor of an optical waveguide due its stored energy and the power lost per
optical cycle. The Q is defined as
store energy

0= opStore enerey (2.27)

power loss

where o is the frequency of light coupled to the resonator. The Q factor of the resonator can be

calculated from
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Sk
0=t-%. (2.28)

The Q factor is the ratio of the absolute frequency f, or absolute wavelength 1, to the
3 dB bandwidth (& f or §1). The shape and the bandwidth (6 f or 1) of the filter response is
determined by the Q factor.

The finesse and the Q factor are both important when one is interested in both the FSR

(Af or AA) and the 3 dB bandwidth (6 f or §1). They are related by

Q Ao
- :

™ (2.29)

Jo
Af
The Q factor depending on the finesse F for a ring resonator with a radius R=100 ym, 50 um

and 10 um , a group refractive index n,, =3.44 at the wavelength of A =1.55 um is shown in

Fig. 2.8.
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Fig. 2.8 Q factor depending on the finesse F for a specific radius R .

A high finesse (>100) and a low Q factor (<2.5x104) is obtained, for example, for ring
resonators with a low radius ( R <20 z#m ). A ring resonator for a given specific bandwidth (& f or

S82) can be designed using the following steps
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Sforon 238 0 E3B ,p g Eq3.18,893.19 o, & (point of maximum on-off ratio)

High Q cavities can serve for example as building blocks for optical signal processing
applications or for laser applications where high quality factors are required. The basic figures for
the description of a single ring resonator with one input waveguide have been presented. This

model is extended to multiple coupled ring resonators in the next chapters

2.4 Fiber Optic Ring Resonator
The architecture of a nonlinear fiber optics ring resonator as illustrated in Figure 2.9,
which is constructed by a single fiber coupler and one ring resonator. We assume that the

nonlinearity of the fiber ring is of the Kerr-type, i.e., the refractive index is given by ,

n=ng+nyd =ny+ (j;i)P, (2.30)
o

where ny and n, are the linear and nonlinear refractive indexes, respectively. 7 and P are the

optical intensity and optical field power, respectively. The effective mode core area of the fiber is

Ay -

Qut

Fig. 2.9 Schematic diagram of FORR with a single fiber coupler.

The input light is launched in port 3 and the output emerges from port 4. It is worth
noting that such a device has no reflected wave or no cross-phase modulation occurred at fiber
coupler. The ports 1 and 2 are connected with a fiber having a nonlinear refractive index, n, and

a linear absorption coefficient @ . The fiber coupler has an intensity coupling coefficient x and y
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is a coupling loss for the field amplitude. We assume hereafter (without loss of generality) that
the optical fiber ring is on resonance for the operating wavelength in the limit of vanishing
incident power, i.e. in the linear case. In addition, we assume that the fiber coupler acts as a point
device. The fiber coupler is assumed to be reciprocal and the transmission coefficients for the

fields are:

by =ty =(-yWI=K, =ty = j(1-Wx,

(2.31)
t3p =14 =0.
The following relations of the electric fields arise from Eq. (2.30):
E) =t3,E;, +15E,, (2.32a)
Eou =t34Eip +124E,. (2.32b)

The relation between the electric fields E, and E,, in the stationary state, can be obtained from the

nonlinear propagation equation:

E _

27xny | 2 i
—=j—=|E|"E~-=akE. 2.33
5 )7 B3 233)

Integrating the Eq. (2.33) direct, we can thus obtain the following relation:

E, = Eyrexp(—j#) = E v exp{-j(do + nr)}> (2.34)

Where @, = kLn, and ¢y, =kLn2|E1|2 are the linear and nonlinear phase shift, k =27 /A is the
wave propagation number in a vacuum, and L is the fiber ring resonator length. 7 =exp(-aL/2)
is a one round trip loss in FORR.

It was discovered in 1979 that the nonlinear response of a ring resonator can initiate a
period-doubling route to optical chaos. The basic idea consists of recognizing that the dynamics
in FORR correspond to that of a nonlinear map round trip inside the FORR. Mathematically, from

Esq. (2.32) and (2.34) the map can be written as

E\(0) = jA-NKE;, +A— N1 kT E (¢ —t5) exp(~jid). (2.35)

58052
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E = j(l-—y)&E,,, +(1-yW1-x1E, exp(-jd), (2.36)

Where the subscript “n” denotes the number of round trips inside the FORR. Using Eq. (2.36), the
nonlinear map can be iterated for a given value of the input power P, (OL lE ,-,,|2 ). The results show
that the output of the FORR can become time dependent even for a CW input. Moreover, the
output becomes chaotic following a period-doubling route in a certain range of input parameters.
The nonlinear phenomenon of optical bistability has been studied in non-fiber resonators
since 1976 by placing the nonlinear medium inside a cavity formed by using multiple mirrors.
The single-mode fiber was used in 1983 as the nonlinear medium inside a ring cavity. Since then,
the study of nonlinear phenomena in fiber ring resonators has remained a topic of considerable

interest. Consider at steady state, from the Eq. (2.35), we have
E, = jA-pWKE;, +A-y)W1-xrexp(j$)E;. (2.37)

While the output field at steady state as

- (1-p)xrexp(jd)
Eout =(1- 'Ein I-x - N . (2.38)
( },) |: K 1__(1...7) I—KTCXP(j¢)]

Thus the normalized of the light field from Eq. (2.38) can be expressed as

Eout

m

2 2.2
=(1-p)?|1- h-a-r*<?] . 2.39
-7 [ 1+(l—}')2 (1-K)r-2(0-py)Wl-x1cos g ( )

Esq. (2.36) and (2.39) are mathematical relations are used for characterizing a nonlinear effects

such as bifurcation, chaos, and optfcal bistability, respectively.



CHAPTER 3

ERBIUM-DOPED FIBER AMPLIFIERS

In this chapter we will develop and review the fundamentals needed to model
gain in erbium-doped fiber amplifiers. The underpinning of the gain process consists of
coupled atomic population and light flux propagation equations. We will treat the three-
level system appropriate for erbium-doped fiber amplifiers at 1.5 pum. We will discuss
calculations of the gain in both the small signal and saturation regimes to reach an
intuitive understanding of the gain process. Then we will show how the three-level
system can be reduced, with certain assumptions, to an equivalent two-level system. The
importance of the absorption and emission cross sections, and the difference between the
two at a given transition wavelength, will be highlighted. We will cover the concept of
the overlap parameter, representing the geometric overlap between the transverse erbium
ion distribution and the transverse profile of the light intensity. We will then outline the
importance of amplified stimulated emission and the fundamental mechanism by which it

is intertwined into all aspects of the amplification process.

3.1 Amplification in three-level systems -basics
3.1.1 Three-Level Rate Equation

The most simple treatment of the erbium-doped fiber amplifier starts out by
considering a pure three-level atomic system. Most of the important characteristics of the
amplifier can be obtained from this simple model and its underlying assumptions. An
added complication- possible stimulated emission at the pump wavelength-will be treated

in
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Fig. 3.1 The three-level system used for the amplifier model.

The transition rates between levels 1 and 3 are proportional to the populations in
those levels and to the product of the pump flux ¢p and pump cross section o ,. The
transition rates between levels 1 and 2 are proportionai to the populations in those levels
and to the product of the signal flux g, and signal cross section o,. The spontaneous
transition rates of the ion (including radioactive and nonradiative contributions) are given
by I3, and I,,.

We consider a three-level system as depicted in Fig. 3.1, with a ground state
denoted by 1, an intermediate state labeled 3 (into which energy is pumped), and state 2.
Since state 2 often has a long lifetime inthe case of a good amplifier, it is sometimes
referred to as the metasta.ble level. State2 is the upper level of the amplifying transition
and state 1 is the lower level. The populations of the levels are labeled N;, N,, and N,
This three-level system is intended to represent that part of the energy level structure of
Er’ that is relevant to the amplification process. To obtain amplification, we need a
population inversion between states 1 and 2 ,and since state 1 is also the ground state,
at least half of the total population of erbium ions needs to be excited to level 2 to
have population inversion. This raises the threshold pump power needed for amplification
and is a known drawback of three-level laser and amplifier systems.

One can take particular advantage, in the case of the erbium-doped  fiber
amplifier, of the fact that the light fields are confined ina core of very small dimension.

The light intensities reached are thus very high, over long distances, and population
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inversion is achieved with relatively small pump powers. We will initially consider the
problem to

Be one-dimensional. That is, we assume that the pump and signal intensities as well as
the erbium ion distribution are constant in the transverse dimensions, over an effective
cross-sectional area of the fiber. We will consider in the next chapter the effects of the
transverse variation in the light-field intensities and erbium ion distribution on the
performance of the amplifier.

The incident light intensity flux at the frequency corresponding to the 1to 3
transition (in number of photos per unit time per unit area) is denoted by ¢p and
corresponds to the pump. The incident flux at the frequency corresponding tothe 1 to 2
transition (in photons per unit time per unit area) is denoted by @ and corresponds to the
signal field. The change in population for each level arises from absorption of photons
from the in cadent light field, from spontaneous and stimulated emission, and from other
pathways for the energy to escape a particular level. In particular, we write as I',, the
transition probability from level 3 to level 2. This is the sum of the nonradiative and
radioactive transition probabilities, and in practice, for the most typical cases, is mostly
nonradiative. I",, isthe transition probability from level 2 to level 1. In the case of the

3+

Er 4113,2 (level 2) to 4I,S,z(level 1) transition, I',, is mostly due to irradiative transitions.
This is due to the fact that fact that there are, for Er3+, no intermediate states between
levels 1 and 2 to which ions excited to level 2 canrelax. We define I, =.l/ T 2. Where
7 2is the lifetime of level 2. The typical values of the tramsition rates between levels for
Er’ doped in glasses.

We denote the absorption cross section for the 1 to 3 transition by o ,. and
the emission cross section for the 2 to 1 transition by o,. We will assume for the
time being that the absorption and emission cross sections we consider are those for
transitions between individual no degenerate states and are thus equal. We will consider
in Section 3.2 the more practical case of erbium levels that consist of a set of states,
and where the absorption and emission cross sections are different, as they incorporate

mmformation on the thermal population distribution.

The rate equations for the population changes are written as



dN3

Tt -TyN, + (N, - Ny ¢, 0,

dN2

dt = -T,N,+ TNy - (N-N) ¢, o,

le

—L - -T',N,- (NI-N3) ¢, 0,+ (N;-N) ¢, 0,

In a steady-state situation, the time derivatives will all be zero,

dt dt dt

And the total population N is given by

N=N+N,+N,

Using Eq.(3.1), we can write the population of level 3 as

A T T
1+ 32/¢p0‘p
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(3.1

(3.2)

(3.3)

(3.4)

(3.5)

(3.6)

When I',, is large (fast decay from level 3 to level 2) compared to the

effective pump rate into level 3, o, N, is very close to zero, so that the population
p p P P 3 ry p p

is mostly in levels 1 and 2. Using Eq.(3.6) to substitute for N, in Eq.(3.2) we obtain

N, = hopI'12)+ g o8 N,
M1+ d¢os

(3.7

We then make use of Eq. (3.5) derive the populations N, and N, and the population

inversion N,-N, :

N,-N, = __#o-T2 y
M1+ 28505+ dpop

(3.8)
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The condition for population inversion, and thus for gain onthe 2to 1 transition (as
summing no background loss), is that N, > N,. The threshold corresponds to N, = N,

and results in the following expression for the pump flux required :

I'2a1 ]
$,= — = — (3.9)
Op T20p

In a situation where the signal intensity is very small, and the decay rate r,
is large compared to the transition rate induced by the pump field, ¢p0'p, we can thus

write the population inversion as :

= £ (3.10)

Where

¢lp=—g% (3.11)

We plot the fractional population inversion, as given by Eq.(3.10), in Fig3.2,
Below the pump threshold the inversion is negative ; above the pump threshold it is
positiye. When the inversion is negative, there are more absorptive transitions than
emissive transitions at the signal wavelength, and the signal sees negative gain, i.e.,

S

attenuation. Conversely, when the inversion is positive, the signal experiences positive
gain as it traverses the excited medium (summing no background attenuation).

The pump intensity, in units of energy of energy per unit area per unit time,

is expressed as I = hv_j4 . The threshold pump intensity s then given very simply by the
p | 4 P¢P p

expression:

(3.12)
o,7,

This equation is intuitively easy to understand. The higher o, is, the higher the
probability that a pump photon is absorbed, which lowers the number of pump photons
necessary to guarantee that enough are absorbed to reach threshold. In addition, the

longer 7, is, the longer the energy stays in the reservoir formed by level 2, and, as a
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result, less pump photons are needed per unit time to keep energy in level 2, The

conditions for low pump threshold are thus easily summarized as:

1.0
.‘é 0.5
<]
>
]
Hoo0 = - — - §
e w~
S
g threshold
i 0.5
-1.0 T T T T
0 6 8 10

2 4
Normalized pump photon flux ¢, by,

Fig.3.2 Fractional population inversion (N,- N,) in a three-level system.The threshold
corresponds to ¢p = @th as defined in Eq.(3.9)
* high absorption cross section

* long lifetime of the detestable level

For erbium, the situation is particularly propitious from the point of view of
T ,,as the lifetime has the very large value of approximately 10 ms insilica glass.

We can estimate I, by using some typical values for the erbium ion constants.
We consider a pump in wavelength 0of 980 nm, o, =2 x 10” cmz, and a 7, lifetime of
10 ms to obtain I, ~ 10 kW/em'. Assuming that this pump intensity is distributed
uniformly over an effective area (A;) of 5 ,umz (the core area for a small-core, erbium-
doped single-mode fiber), this corresponds to power threshold P, =1, A, = 0.5 mW.
Note that this corresponds to rendering transparent only an infinitesimally short length
of erbium-doped medium. This ultra low threshold dramatically illustrates one of the main
advantages of erbium-doped single-mode fiber amplifiers: a low pump threshold for

gain, easily obtained with electrically pumped diode lasers.
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3.1.2 Small Signal Gain

In this subsection we will calculate the gain or loss of pump and signal light
propagating through a medium constituted by the ions characterized by the three-level
system considered in the previous subsection.

We now consider that N, N,, N,, are N, densities of populations, in unit of
number of ion per unit volume. Two light fields travel through the medium, interacting
with the ions, and have insensate I, (the signal field) and I (the pump field). The photon

fluxes are given by :

1
= Is (3.13)
g hv,
and
=_IP__ (3.14)
¢p By,

We will treat the propagation of the signal along a single direction z (the axis
of the fiber) as a one-dimensional problem, which is a simplification of the three-
dimensional character of the erbium ion distribution in the fiber core and of the light
modes. We will extend the discussion to the three-dimensional aspect of the field
propagation, which involves the variation of the signal and pump intensities in the plane
transverse to the axis of the fiber.

In the one-dimensional case, the light field intensities are derived from the light
field powers by the following simplified relationship:

1) = P (3.15)

Aeff

Where I'is the overlap factor, representing the overlap between the erbium ions and the
mode of the light field, and A is the effective cross-sectional area of the distribution of
erbium ions. The overlap factor and effective cross section. Essentially states that the
intensity of the field at a point z will be taken to its cross-sectional average, computed
as the amount of power traveling through the erbium-doped region of the fiber, divided

by its cross-sectional area.



26

We will also assume in the following discussion that both pump and signal
beams are propagating in the same direction, i.e., a co propagating configuration as
opposed to a counter propagating configuration.

The fields will be attenuated or amplified after an infinitesimal length dz by the
combined effects of absorption arising from ions in their ground state (N,) and stimulated

emission from ions inthe excited state (N, and N,)

. _ (N, - N)osgs (3.16)
dz

d

a4, _ (N, - N)opép (3.17)
dz

This leads, after some calculation, to the following equation for the signal intensity growth

(or decay, as the case may be):

apI

F_T
dl . 21
d: = ”I P~ o I N (3.18)
z rﬂ.,.zﬁ_:__,.__ﬂ_P

hv hv

s P

We can write an equation for the attenuation of the pump intensity as

ol
L, +——
dl, 1y,
7 = T o1 O'pIpN (3.19)
z rﬂ.,.zg_:_s_,__Lf.
hv, hv,

From Egq. (3.18),it is clear that the condition for gain for the signal field is that

(3.20)
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Where we again used I',, = 1/72 and I, is the pump threshold intensity for
gain at the signal wavelength. This is equivalent to the condition derived above for
population inversion.

We can write the equation in a somewhat simpler fashion by defining the

intensities in units of the pump threshold. These “normalized” intensities are given by

r_ _P
I, = I (3.21)
th
’ IS
= = (3.22)
T
We further define the quantity 77 as
n=h9% (3.23)
hVS o
And the saturation intensity I, (z) as
141,
I,@ = 1+1,@ (3.24)

21

We can then write the propagation equations for the normalized intensities as

dI4 (2) 1 Ip @ —1
= ol (2N (3.25)
z 1+ @G @|p@+1) S s
And for the pump
dr’ 1+771 (2)
2 s o, I'(Z)N (3.26)

dz 14+ 27715(z) +1;@)

Eq. (3.25) and (3.26) determine the behavior of erbium-doped fiber amplifiers, at the

simplest level. As we shall discuss in the following sections and chapters, modifications
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will need tobe made to this system of equations to accurately model real erbium-doped
fibers. Nevertheless, the basic characteristics of three-level fiber amplifiers can be
understood from the above equations. We now explore Eq. (3.25) and (3.26) in more
detail.

The signal propagation equation will lead to gain only if I, = I This is the
expected threshold condition. When the pump intensity is less than threshold, the signal is
attenuated; when it is larger, the signal is amplified. Under the conditions of small signal

gain, where J. << I (this conditionis satisfied when the signal is weak and the pump

sat
is strong,) and assuming for simplicity that the pumpis constant as a function of z (the
fiber is uniformly inverted), the signal propagation equation is easily integrated to yield

the signal as a function of position along the fiber;
I, (@) = I, (0) exp(c,2) (3.27)

Where we defined the gain coefficient Ol as

-2 &N (3.28)

The signal grows exponentially, with a coefficient proportional to the signal emission cross
section and the degree to population inversion. The latter is determined by the pump
intensity relative to threshold. When the pump intensity is very strong and several times
the threshold, such that the erbium ions are all inverted, the gain coefficient becomes

approximately
a, = o,N (3.29)

The small signal gain per unit length of fiber for a strong pump is determined
very simply by the amount of erbium and the signal emission cross section. This implies
that in the case of Er’ doped in an Al-Ge silica fiber, since the emission cross section
Is equal to the absorption cross section, near 1535 nm, the 1535 nm small signal gain is

roughly equal to the 1535 nm small signal attenuation under strong pumping conditions.



29

In practice this does not happen, dueto the presence of amplified spontaneous emission,

which robs the gain at the expense of the signal.

3.1.3 Saturation Regime

Eq. (3.28) loses its validity when the signal grows to a large enough value and
enters what is known as the saturation regime. This occurs whenIs becomes comparable
in value to 1. The signal growthis then dampedby the saturation factor 1/ (1+ I;/!m).

In fact, when I, becomes very large and its ration tol, becomes large compared to

unity. The growth of the signal is determined by the approximate equation

a, (Lo (3.30)
dz I +1

So that now the signal growth is linear. The two regimes of signal growth are clear
in the graph of Fig. 3.3, which plots the gain in dB of a weak signal as a function of
pump power. The gain, in dB, of the signal aftera length L of fiber is defined as G =
10log (I(z = L) /I, (z = 0)). Fig.3.3 is derived using some typical values for an alumino -
germano - silica erbium-doped fiber of length 15 m, with a signal at 1550 nm with a
launched power of -40 dBm, an a pump of wavelength of 980 nm. Also shown is the
gain obtained when modeling the fiber with the added effect of amplified spontaneous
emission (ASE).The effect -of ASE is to reduce the av;ajlable gain for the signal field. In
the case shown, the ASE begins significantly impairing the gain process above signal
levels of approximately 20 dB.

An interesting phenomenon is that the saturation power I, is not a constant,
but instead increases ‘:linearly with pump power. This is expected to occur for a three-level
laser system.It arise from the following fact, In a three-level laser, ions driven down
from the excited level 2 by stimulated emission by the signal are immediately available
for pump absorption and can be returned to the excited level almost “instant tenuously”.
Given a high enough pumping rate. Maintaining level of inversion in the presence of a

high signal power yields a high saturation value for the signal.
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Fig. 3.3 Signal gain (in dB) at 1550 nm asa function of pump power at 980 nm.

For a typical erbium-doped fiber (15 m length of fiber), from numerical
integration of the pump and signal propagation equations. The dashed curve shows the
computed gain when amplified spontaneous emission is included in the simulation of the
gain of the fiber amplifier ; the solid curve includes only the pump and small signal of
power-40 dBm. At low pump powers the amplifier is in the small signal gain regime; at
higher powers when it is strongly inverted the gain is saturated.

The experimentally determined saturation output power is defined as the signal
output power at which the gain has been reduced (compressed) by 3 dB. The saturation
output power is higher at 1550 nm than at 1530 nm because the emission cross
section is lower for the latter, and the saturation output power is proportional to the

inverse of the emission cross section.

3.1.4 Optimal Length for a Fiber Amplifier

For a given pump power, to obtain the maximum amount of gain for a given
erbium concentration in the fiber core, the fiber length should be increased to the point
at which the pump power becomes equal to the intrinsic pump threshold (for the model
without ASE considered up to the present point). For axial point z, along the length of the
fiber, prior to that point the gain is positive, after that point the gain is negative, and so

the fiber should be terminated at the point where the pump power has decreased to the
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threshold level. This determines the optimal length of the fiber. This length is optimal
only in the sense that the small signal gain of the amplifier is maximized. When ASE is
included the optimum length for gain is determined by maximizing the signal gain inthe
presence of forward and backward ASE, which is also a function of the length.

When we need to optimize another parameter, say the noise figure of output
saturation power, the optimal length determination will proceed differently. For example. It
can be helpful to use an amplifier length such that one is operating in the saturation

regime where fluctuations in the pump source power do not have a large effect on the

25

-40 dBm input

20

Y
u
|

-15 dBm input

Optimuin length (m)
[y
(=
)

L)}
i

0 T T T T
0 5 10 15 - 20 25
Pump power (mW)

Fig. 3.4 Optimal fiber length (in m) for gain at 1530 nm as a function of pump power.
For signal inputs of -40 and -15 dBm, from numerical simulations of an erbium-

doped fiber pumped at 980 nm.

Gain, as would be the case inthe small signal gain regime. We plot in Fig 3.4
the optimal length for small signal . gain for two different small signal inputs. The
optimum length is O.up until the point at which the pump power is equal to the power

needed to render transparent an infinitesimal length of fiber, i.e., py.
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3.2 Reduction of the three-level system to the two-level system

3.2.1 Validity of the Two-Level Approach

The energy levels of rare earth ions are composed of relatively well-separated
multiples, each of which I made up of a certain number of broadened individual levels.
We assume that the pumping level 3 belongs to a multiple different than that of level 2,
and we assume that there is rapid relaxation from level 3 to level 2, For all practical
purposes, the population in level 3 is then effectively zeroand the rate equations involve
only the two levels 1 and 2, with level 3 being involved only via the value of the pump
abs absorption cross section from level 1 to level 3. Examples of pump wavelengths in this
case are 0.98 pum, 0.80pum, 0.65 um, and 0.54 pm.

In certain pumping configurations, level 3 can be identical tolevel 2 inthe sense

that the upper pump level and the upper amplifier level belong to the same multiple.

multiplet2 e
pump signal
multiplet | e

Fig. 3.5 Energy levels ofa two-multiple system.

Where the pumping state 3 is  higher-lying state of multiplet2, and the signal is
resonant with a lower energy transition between the two multiples, as compared to the
pump transition.

This particular case is that of a 1.48 pm pluming wavelength and is depicted in Fig.
3.5.In this case, the population of level 3 will not necessarily be equal to zero. At all
times, there will be thermal equilibrium established withina given multiple, assuming that

the thermal equilibration time is very short compared to the overall multiple lifetime
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(which is governed by decay to lower-lying multiples). Thus, the pumping level3,
depending on its energy separation from the bottom of the multiple, will have some finite
thermal population. There will then be stimulated emission at the pump frequency as well
as at the signal frequency, the amount of which depends on the thermal population of the
various states involved as well as the strength of their interaction with a light field.

The behavior of the entire system can be represented through the absorption and
emission cross sections . The difference in spectral shape between the absorption .and
emission spectra is due to the thermal distribution of energy within the multiplets. The
absorption and emission information. For example, if level 3 is high above the bottom of
the multiplet and its thermal occupation low, then its emission cross section for emission
to the bottom of the ground multiple will be relatively small, indicating the low
probability emission at that frequency. The absorption cross section at that frequency will
be significantly higher, since most of the population of the ground multiplet will be near
the bottom of the multiplet and, asa consequence, available for transitions to level 3.

Based on the previous discussion, we will refer only to the total populations of
levels 1and 2, N1 and N2, and use the cross sections to model the system’s interaction
with the pump and signal fields. In general, the emission and absorption cross sections
will be related by the McCumber . The case where level 3 belongs to a higher-lying
multiplet can be reduced to the two-level picture just described by simply setting the
pump emission cross section to zero, which effectively accounts for the fact that the
population of level 3 isin this case equal to zero.

3.2.2 Generalized Rate Equations
Having reduced the three-level system to an eff;ctive two-level system, we can write the

rate equations so as to involve only the total population densities of multiplets 1and 2.

dN
—dtl =-T,iN, +o 0@ —n,0 s - ISy p(e) —Nop(adh

dN
_t—l = _F21N2 +(N. 20.s(e) - Nlcs(a)¢5 ' (Nlap(e) - Nch(e)ﬁ’ (3.31)
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Where O's(a), O's(e), O'p(a) and O'p(a) represent the signal pump absorption and emission cross

sections, respectively. Since the total population density N is given by

N = N,+N, (3.32)
We have
dN dN
l=——_2 (333)
dt dt

And, only one of the equations from system 3.31 is an independent equation. We can
calculate N,, for example, in terms of the signal and pump intensities. N, is then simply
given by N-N,. We find from Eq. (3.31), for the case of pump field and one signal field,

that the population density N, (z), as a function of position z along the fiber, is given by

(2) 10 (a)
T L)+ 21, (2)
A\ A\
N(z) = > £ N (3.34)
2 T(as««) + as(") (o @5 (e))

L@+t 1, (2) + 1

P

hv,

In general, we will assume that N is independent of z. The pump and signal propagation

equations are then written, ina very similar fashion, as

di (z) . o
2L = (N0, = N0, "N, (2)

9’157(2_). = (Nzas(e) - Nlas(”))ls (2) (3.35)
'z

Stimulated emission from level 2 contributes to field growth, absorption from level
1 contributes of field attenuation. The equations needed simulate the simulate .the
amplifying properties of the fiber are thus the populstion equation and the propagation
equations. One for each field. The condition for population inversion, N,-N, > 0, in the
presence of a small signal field, corresponds to the pump being greater than the than the

threshold value :
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I, = d: (3.36)

(a) (e)
(O-pa _O-pe)r2

The pump threshold that corresponds to signal gain at the signal wavelength (dIs/dz > o) is
slightly differentand is equalto

1= 1 (3.37)
Tt w0, ©
a p e
O-P (a) —O-P
O-S

The equations above can be easily generalized to the case of multiple signals and
multiple pumps. For the case of several signals s; and several pumps p, the population

equation becomes

o (@) 10 (a)
Z = I:i(z)+z g Ipi(z)
by

hv.. h
DR Vsi N (3.38)

(a) ()
1,/(z)+1

N,(2) = @

()
(o, +0, ) (o, +
I (2)+
Z hv u(2) ; hy

5 si pi

o-pl )

The field propagation equations are identical to those of Eq.(3.35), with the appropriate
cross sections. Such multilingual systems of equations of equations will be used when
computing, for example, the spectral distribution of the ASE or the amplification of

multiple-signal channels ina WDM system.

3.3 EDFA Design Issues

The main parameters in the design of an EDFA include the fiber glass material, the
waveguide characteristics of the fiber, the erbium concentration profile, fiber length, pump
sources, and any passive or active components such as couplers, isolators, filters, etc. The design
of the amplifier depends on the intended application. However, the primary design goals are high
gain, high output power, low noise figure, flatness of the gain spectrum, reliability, etc. The
importance of each of these parameters depends on the particular application type. For example, a

single-channel inline amplifier requires high power and low noise figure, but the gain flatness is
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unimportant. By contrast, in the design of a WDM amplifier, flat gain profile is the most
important parameter. Power amplifiers require high gain and output power, and may not have
constraints on the noise figure and gain flatness. Analog amplifiers are the most demanding since

all the described parameters are important to amplify the signal keeping the waveform.

3.3.1 Pumping configuration

Three different pumping configurations are possible for pumping a length of erbium-
doped fiber : co-propagating pump and signal, counter-propagating pump and signal, and
bidirectional pumping as shown in Fig. 3.6 The principal difference of these configuration is in

the ASE pattern and inversion profile.

EDF
isolator

signal in : : : : f »}— signal out

pump in @)

signal in signal out
:>—(_ )‘ﬁ oy in

signal in F——}— signal out
pump in ___>_<__ _>_<__ pump in

(c)

Fig. 3.6 EDFA pump configurations: (a) co-propagating pumping

(b) counter-propagating pumping (c) bidirectional pumping.

Forward pumping displays better noise performance than backward pumping, while
backward pumping has the advantages of higher saturation power and higher gain. Bidirectional

pumping has the merits of both at the cost of complexity.
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3.3.2 Fiber Length

The choice of the fiber length is determined by the efficiency and noise figure. A long
fiber will absorb all the pump power resulting in the highest gain for a given pump power. A
shorter fiber will let a significant portion of pump light to exit, but will on the other hand, be well

inverted across the length thus offering a good noise figure .

3.3.3 Pump Sources

Typically, two types of pump sources are used in modern EDFAs : 980nm and 1480nm
laser diodes. The choice of 1480nm pump yields a better power conversion efficiency, compared
to 980nm light. However, the noise figure is smaller with 980nm pump since it can offer higher

inversion population .

3.3.4 Multistage amplifiers

For a single-stage amplifier, the requirements of high gain and gain efficiency are often
in conflict with the objective of a low noise figure. The key advantage of multistage amplifiers is
that they allow elimination of a significant portion of ASE at the middle point of the amplifier.
By reducing the ASE, more gain is available for the signal and less noise is added. Various forms
of multistage amplifiers have been used in practice as shown in Fig. 3.7, however they all have
the same feature of separating successive fiber sections by optical elements that reduce ASE in
favour of signal. It is often advantageous to pump the first stage with 980nm light and the second
stage with 1480nm light. The 980nm pump has the benefit of low noise figure at the all-important
input portion, whereas 1480nm pumping offers a much higher optical conversion efficiency for

the power amplifier port.



38

Stage 1
O isolator _
signal in S_OD—C signal out
pump in —4 : :— <—_pump in
fbrw ard pumping backward pumping
Stage 1 Stage 2 .
isolator <o
D S e O — Geumn
pump 1n—, transmitted pump

Jorward pumping
Fig 3.7 Configuration of the multistage amplifiers with various possible pump configurations .

3.4 Noise

Amplifier noise is unavoidable but can be reduced by using low pump powers. This
fundamental property can be found using both semi-classical and quantum-mechanical
approaches. The major manifestation of noise in the EDFA is in the form of amplified
spontaneous emission (ASE) noise. Spontaneous emission is present in the spectral interval
corresponding to 'the gain spectrum of the amplifier, and spectral density is proportional to the

gain. The noise power at the signal wavelength is calculated from the expression
P,se=2n,(G-Dhv B, (3.39)

where v is the signal frequency, h is Planck’s constant, B, is the bandwidth of the optical

spectrum analyzer at the signal frequency v . n, is the inversion factor given by

o.N,

n S S 3.40
» = o,N,-o,N, (3.40)

where O, is emission cross-section, G, is the absorption cross-section, N, is the population of

the first energy level and N, is the population of the second energy level. The noise figure (NF)
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of the EDFA is commonly used as a measure of the degradation of the signal-to-noise ratio for

signal passing through the amplifier (NF = SNR, /SNR

‘out

). in out The expression to calculate the

optical noise figure is given by.

NF(dB) = 1010g,0(;1%5— + é-] (3.41)

[+

Eq. (3.41) assumes that no noise is injected at the input of the amplifier (i.e., a shot-noise-limited

input signal).



CHAPTER 4

PULSE PROPAGATION AND
NONLINEAR IN OPTICAL FIBER

For an understanding of the nonlinear phenomena in optical fibers, it is necessary to
consider the theory of electromagnetic wave propagation in dispersive nonlinear media. The
objective of this chapter is to obtain discuss fiber characteristics, fiber nonlinearities and grove
velocity dispersion and basic equation that governs propagation of optical pulses in single mode
fibers. We discuss nonlinear in optical fiber ring resonator such as kerr effect and four-wave
mixing(FWM), we consider the origin of FWM and discuss its theory. Nonlinear fiber optics hds
continued to grow during the decade of 1990s, perhaps even more dramatically than anticipated.
This growth is motivated by several recent advances in lightwave technology, the most important
being the advent of high-capacity fiber-optic communication systems. In such systems, the
transmitted signal is amplified periodically by using optical amplifiers to compensate for residual
fiber losses. As a result, the nonlinear effects accumulate over long distances, and the effective
interaction length can exceed thousands of kilometers! It is impossible to review the entire field

of nonlinear fiber optics.

4.1 Fiber Characteristics

Before describing the nonlinear effects in optical fibers, it is worthwhile to ponder why
optical fibers are useful for nonlinear optics. This section describes the properties of optical fibers

that are unique to them and their relevance to the study of nonlinear optical phenomena.

4.1.1 Single-Mode Fibers

An optical fiber looks like a thin strand of glass and consists of a central core surrounded
by a cladding whose refractive index is slightly lower than that of the core. Both the core and the
cladding are made of fused silica, a glassy material with an ultra-low loss (about 0.2 dB/km) in
the near infrared region near 1.5 um. The refractive-index difference between the core and the
cladding is realized by the selective use of dopants during the fabrication process. Dopants such

as GeO, and P,0; increase the refractive index of pure silica and are suitable for the core, while
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materials such as boron and fluorine are usgd for the cladding because they decrease the refractive
index of silica. Even a relatively small refractive-index difference between the core and the
cladding (typically less than 1%) can guide the light along the fiber length through the well-
known phenomenon of total internal reflection. The guiding properties of an optical fiber are

characterized by a dimensionless parameter defined as

VW(%)("E -3} @.1)

where a is the core radius, ® is the frequency of light, and n, and n, are the refractive indices of
the core and the cladding, respectively. The parameter ¥ determines the number of mode
supported by the fiber. Optical fibers with ¥ < 2.405 support only a single mode and are called
single-mode fibers. Such fibers have a microscopic core (a < 5 ym) and are used almost

exclusively for a variety of applications including optical communications.

4.1.2 Fiber Nonlinearities

The response of any dielectric to light becomes nonlinear for intense electromagnetic
fields. In the transparent region of optical fibers, the lowest-order nonlinear effects originate from
the third-order susceptibility Z(B), which is responsible for phenomena such as third-harmonic
generation, four-wave mixing (FWM), and nonlinear refraction. Among these, nonlinear
refraction, a phenomenon referring to the intensity dependence of the refractive index, plays the

most important role. The effective refractive index of the fiber mode has a general form
7wl )= n(w)+n,I 4.2)

where n(®) is the linear part of the mode index at the frequency o, / is the optical intensity, and n,
is the nonlinear parameter related to Z(B). Several physical mechanisms contribute to n,, the
dominant contribution coming from the anharmonic motion of valence electrons. Because of a
fast response of such electrons, the frequency dependence of n, can often be ignored.

The intensity dependence of the refractive index leads to a large number of interesting
nonlinear effects; the two most widely studied are self-phase modulation (SPM) and cross-phase

modulation (XPM). SPM refers to the self-induced phase shift experienced by an optical field
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during its propagation inside optical fibers. Its magnitude can be obtained by noting that the phase

of an optical field changes during transmission through the fiber by
¢=(n+nlkL (43)

where k, = w/c = 27/4, is the wavelength, and L is the fiber length.

The nonlinear phase shift resulting from SPM is ¢, = n,k,LI. Silica glass is a relatively
weak nonlinear medium with a measured value of n, = 2.7 X 10” m’/W. For silica fibers this
value can vary in the range n, = 2.2-3.0 X 10% m’/w depending on the density of dopants and on
whether the fiber preserves polarization of light. However, even though n, is relatively small
compared with most other nonlinear media, the nonlinear phase shift ¢NL can become large since
the intensity 7 is enhanced in optical fibers by orders of magnitude because of a small mode
diameter (typically < 10 zm). At the same time, relatively low losses in fibers can maintain this
intensity over long lengths (~10 km). If fiber losses are compensated periodically by using
optical amplifiers, the interaction length L can exceed thousands of kilometers. It is this
combination of a high intensity and a long interaction length that makes optical fibers so

attractive for nonlinear optics.

4.1.3 Group-Velocity Dispersion

As seen in Eq. (4.2), the refractive index in fibers also depends on the optical frequency.
This chromatic dispersion plays an important role in nonlinear fiber optics under certain
conditions. To understand its significance, consider a single-mode fiber of length L. A specific
spectral component at the frequency would arrive at the output end of the fiber after a time delay
T = Llv,, where v, is the group velocity defined as v, = (dﬂ/da))'l and B = n(®)wlic is the
propagation constant.

The frequency dependence of the group velocity leads to pulse broadening simply
because different spectral components of the pulse do not arrive simultaneously at the fiber

output. If Awis the spectral width of the pulse, the extent of pulse broadening is governed by

2
AT = £Aa) = i(—L—']Aa) =T Z ’LzAa) = L,BzAa) (44)

do do v, o
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This phenomenon is referred to as the group-velocity dispersion (GVD), and the parameter S, =
d pid & is known as the GVD parameter. In standard silica fibers, 4, changes sign from positive
to negative as wavelength of light increases beyond 1.3 zm. The region in which g, is negative is
referred to as the anomalous-GVD regime. The magnitude of f, can be controlled by shifting the
wavelength at which S, changes sign. Dispersion-shifted fibers used for optical communications
are designed to have 8, = 0 near 1.5 /m. It is possible to design fibers such that g, is relatively
small over a wide wavelength range extending from 1.3 to 1.6 pm. Such fibers are called
dispersion-flattened fibers. Recently, attempts have been made to produce fibers whose GVD
decreases along the fiber length through axial variations in the core radius. Such fibers are called

dispersion decreasing fibers and are likely to become important in near future.

4.2 Pulse-Propagation

The study of most nonlinear effects in optical fibers involves the use of short pulses with
widths ranging from ~10ns to 10 fs. When such optical pulses propagate inside a fiber, both
dispersive and nonlinear effects influence their shape and specttum. In this section we derive a
basic equation that governs propagation of optical pulses in nonlinear dispersive fibers. The

starting point is the wave equation, it can be written in the form.

1 PE_ 0B, OBy
2oz Hogr THhTe

(4.5)

Where the linear and nonlinear parts of the induced polarization are related to the electric

field E(r, 1) .

4.2.1 Nonlinear Pulse Propagation

It is necessary to make several simplifying assumptions before solving Eq. 4.5. Fist, Py
is treated as a small perturbation to P, .This is justified because nonlinear changes in the
refractive index are < 10° in practice. Second, the optical field is assumed to maintain its
polarization along the fiber length so that a scalar approach is valid. This is not really the case,
unless polarization-maintaining fibers are used, but the approximation works quite Well in
practice; it will be relaxed later. Third the optical field is assumed to be quasi-monochromatic,

i.e., the pulse spectrum, centered at @, ,is assumed to have a spectral width A® such that
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Aw/®, << 1. Since (DONIO’S s’ , the last assumption is valid for pulses as short as 0.1ps. In
the slowly varying envelope approximation adopted here, it is useful to separate the rapidly

varying part of the electric field by writing it in the form
1. .
E(r, t) =3 X[E(r, t)exp(—io,t) + c.c.] (4.6)

Where X is the polarization unit vector, and E(r, t) is a slowly varying function of time
(relative to the optical period).The polarization components P, and P; can also be expressed ina

similar way by writing

P (r, t) = % )‘([PL (r,t) exp(-iw,t) + c.c.] @.7n

P (r,t)= —;— [Py (r, t) exp(—iwyt) + cc) 4.8)

The general equation that describes the optical field evolution in a dielectric medium is

given by

E_ 9°P(E)
-

10
VZE__Z 0 atZ

2
(4.9)

c” ot

where the polarization P characterizes the medium and it is a function of the electrical field. In the

case of weak nonlinear behavior of the medium, the polarization can be expressed by a Taylor

polynomial as

Prg, {z(‘)E + 4@ :EE+ 40 EEE} (4.10)

where ,}{(1) is the linear susceptibility, :represents the inner tensor product and the second and the
third-order tensor 1(2) and 1(3) are responsible for the second harmonic generation, and the

@

third-order haﬁonic generation, respectively. In optical fiber the term %'’ can be neglected,
since it is different for zero only for medium without inversion symmetry at the molecular level;
this is not the case of the fiber that is composed by symmetric molecules (SiO,). As a
consequence the nonlinear behavior of the fiber is mainly due to the x(s)term of the
susceptibility. In particular, the real part for the Raman effect. Due to the presence of a coherent

acoustic wave, the Brillouin scattering is very difficult to incorporate into an expression of 1(3) .
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To analyze Simulated Brillouin Scattering (SBS), the coupled equation system composed by Eq.
(4.10).

4.2.2 Nonlinear Schrodinger Equation

Most nonlinear effects in optical fibers are observed by using short optical pulses because
the dispersive effects are enhanced for such pulses. Propagation of optical pulses through fibers
can be studied by solving Maxwell's equations. In the slowly varying envelope approximation,

these equations lead to the following nonlinear Schrodinger equation (NSE) .
04 i , 0’4 2, o
—+—f,—=iy|ld A-—A4 (4.11)
2 2P A3

where A(z,t) is the slowly varying envelope associated with the optical pulse, & accounts for fiber

losses, S, governs the GVD effects, and yis the nonlinear parameter defined as
Y =m0 /(cAeﬁ) (4.12)

Here 4, is the effective core area of the fiber. This equation is appropriate for pulses wider than 5
ps. For an accurate description of shorter pulses, several higher-order dispersive and nonlinear

terms must be added to the NSE .

4.2.3 Modulation Instability

The nonlinear phenomenon of modulation instability is perhaps the simplest to
understand since it follows readily from the NSE and emphasizes the role played by the GVD.
Consider propagation of a continuous-wave (CW) beam of input power P, inside an optical fiber.
If the fiber loss is ignored by setting @ = 0, Eq. (4.11) is easily solved to yield
A(z)= \/Fo exp(i¢NL) , where @, = yFz is the SPM-induced nonlinear phase shift. Eq. (4.11)
thus shows that a CW beam should propagate through the fiber unchanged except for acquiring a
power-dependent phase shift.

Before reaching this conclusion, however, one must ask whether the steady-state solution

A(2) is stable against small perturbations. To answer this question, to perturb the steady state
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slightly such that A(z,t)=l\/F0 +a(z,t)]exp(i¢NL) and liberalize Eq. (4.11) in a(z,t) by

assuming that the perturbation is relatively small. The resulting equation,
da i , 0a .
—+—f,—=iyPla+a (4.13)
% 2P )

is readily solved by assuming a general solution of the form

a(z,t) =aq, cos(Kz - Qt) +ia, sin(Kz - Qt) 4.14)

where Q is the perturbation frequency and X is the wave number associated with it. By using Egs.

(4.13) and (4.14), K is found to be given by
K(@)=+1lalole* + @n/ 5] @19

The dispersion relation Eq. (4.15) shows that stability of the CW solution depends
critically on whether light experiences normal or anomalous GVD inside the fiber. In the case of
normal GVD (B, > 0), the wave number X is real for all Q, and the CW beam is stable against
small perturbations. By contrast, in the case of anomalous GVD (B, < 0), K becomes imaginary
for a range of frequencies, and the perturbation a(zt) grows exponentially with z. Thus,
propagation of CW beams through fibers is inherently unstable when S, < 0. This instability is
referred to as the modulation instability since it leads to spontaneous modulation of the CW beam
at a certain frequency whose value depends on the beam power. Similar instabilities occur in

many other nonlinear systems and are often called self-pulsing instabilities.

4.3 Optical Kerr Effect

Nonlinear effect in optical fibers is due either to changes in the refractive index with
optical power or to scattering phenomenal. The power dependence of refractive index is
responsible for the Kerr effect. Depending on the shape of the input signal, the Kerr nonlinearity
manifests itself by different effect, such as self-phase modulation, cross-phase modulation,
Nonlinear behaviors of light traveling in fiber optic are commonly induced by the effects such as

Kerr effects, four-wave mixing, and the external nonlinear pumping power. The device
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characteristics that suit to implement in the practical communication system has seen. To meet the
practical applications, the micro ring and Add/drop parameters are needed to make them satisfy
the usual fabrication. The analogy of chaotic signal generation using fiber ring resonator and the
related behaviors are described.

The presence of ;((3) implies that the refractive index depends on the field intensity, I,

in the form

(3)
n=\F-,1'(I)+é Y4 I=ny+nyl (4.16)

2 c&pn

where ng =1+ z(l) and n, =3 1(3) /(4cs0ng). In Eq. (4.16), n, is the linear refractive
index, whereas n, is the refractive index nonlinear coefficient, also known as the Kerr
coefficient.

072°m? /W . Considering

In the case of silica fibers, we have n, ~1.46 and n, =~3.2x1
a single-mode fiber with an effective mode area A =50 ,umz carrying a power P = 100 mW,

the nonlinear part of the refractive index is

nyd =ny —— =~ 6.4x1071! (4.17)

eff

In spite of this very small value, the effects of the nonlinear component of the refractive index
become significant due to very long interaction lengths (10 — 10,000 km) provided by the optical
fibers. The Kerr nonlinearity gives rise to diffgrent effects, depending on the shape of the field
injected into the fiber. In the following, the rhain effects due to Kerr nonlinearity will be

reviewed.

4.4 Four Wave Mixing

4.4.1 Origin of Four-Wave Mixing

The nonlinear response of bound electrons of a material toan applied optical field. More
specifically, the polarization induced in the medium is not linear in the applied field but
contains nonlinear terms whose magnitude is govemed by the nonlinear susceptibilities.

The parametric processes can be classified as second or third order processes depending on



48

whether the second-order susceptibility X(z)or the third-order susceptibility XG) is
responsible for them. The second-order susceptibility X(z) vanishes foran isotropic medium
in the dipole approximation. For this reason, the second-order parametric processes, such
as second-harmonic generation and sum-frequency generation, should not occur in silica
fibers. In practice, these processes do occur because of quadruple and magnetic-dipole
effects, but with a relatively low conversion efficiency. Unexpectedly high conversion
efficiencies (~1%) for second-harmonic generation have been observed in optical fibers
under specific conditions.

The third-order parametric processes involve, in general, nonlinear inter action
among four optical waves and include the phenomena such as third-harmonic generation,
FWM, and parametric amplification. FWM in optical fiber has been studied extensively
because it can be quite efficient for generating new waves. Its main features can be

understood by considering the third-order polarization term given as
)
Py= €,X :EEE, (4.18)

Where E in the electric field, P, is the induced nonlinear polarization, &,and is the
vacuum permittivity.
Consider four optical waves oscillating at frequencies ®,, ®,, ®, and ®, linearly

polarized along the same axis x. The total electric field can be written as

1 ,.< .
E= Elel E expli(k;z— o] +cc., (4.19)
j=
Where the propagation constant k;=n,/c, n;is the refractive index, and all four waves are
assumed to be propagating in the same direction. If we substitute Eq. (4.19) in Eq. (4.18)

and express Py, inthe same form as E using

4
Po=—%Y P explitk;z~w}+cc., (4.20)
j=1

N =

We find that P,(j=1to 4) consists of a large number of terms involving the products

of three electric fields. For example, p, can be expressed as

~
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3e 2 2 2 2
P, =20 4O [E.[ E, +2(E,| +[E,| +|E,| )E
=7 Zxxxx[l 4| 4 (l 1I | 2| l 3|) 4 21)
+2E,E,E; exp(i6,) + 2E,E,E. exp(i0_) +......]
Where 0, and O_are defied as
0, = (k+k,+k,- k)z-(0 +O,+0,- O, (4.22)
0. = (k+k, k, k)z(@,+0,- ©,- O, (4.23)

The first four terms containing E, in Eq. (4.21) are responsible for the SPM and XPM
effects. The remaining terms result from FWM. How many of these are effective in
producing a parametric coupling depends on the phase mismatch between E, and P,
governed by 0,,0, or a similar quantity.

Significant FWM occurs only if the phase mismatch nearly vanishes. This requires
matching of the frequencies as well as of the wave vectors. The latter requirement is often
referred to as phase matching. In quantum-mechanical terms, FWM occurs when photos
from one or more waves are annihilated and new photons are created at different
frequencies such that the net energy and momentum are conserved during the parametric
interaction. The ‘main difference between the parametric processes and the stimulated
scattering processes is that the phase-matching condition is automatically satisfied in the
case of stimulated Raman or Brillion scattering as a result of the active participation of the
nonlinear medium. By contrast, the phase-matching condition requires a specific choice of
the frequencies and the refractive indices for parametric processes to occur.

There are two types of FWM terms in Eq. (4.21) The term containing O,
comresponds to the case in which three photons transfer their energy to a single photon at
the frequency ®,= ®,+®,+®, This term is responsible for the phenomena such as third-
harmonic generation (®, = ®, = ®,), or frequency conversion when ®, = ®, # ®,.In
general, it is difficult to satisfy the phase-matching condition for such processes to occur in
optical fibers with high efficiencies. The term containing ©. in Eq. (4.21) corresponds to
the case in which two photons at frequencies ®, and ®, are annihilated with simultaneous

creation of two photos at frequencies ®, and ©, such that
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0,+ O, = 0,+0,. (4.24)

The phase-matching requirement for this process to occur is

Ak =k+ k- k-k,

= (n,®,+ 0,0, n,®,- n,®,)/c = 0. (4.25)

It is relatively easy to satisfy Ak =0 inthe specific case ®,= ®,. This partially
degenerate case is most relevant for optical fibers. Physically, it manifests in a way
similar to SRS. A strong pump wave at ©, creates two sidebands located symmetrically at

frequencies ®, and ®, with a frequency shift

Qszml-m:’::m‘t- o,
(4.26)

Where we assume for definiteness ©,<®,. The low-frequency sideband at and the high-
frequency sideband at are referred to as the Stokes and anti-Stokes bands in direct
analogy with SRS. The partially degenerate FWM was originally called three-wave mixing
as only three distinct frequencies are involved in the nonlinear process . In this chapter, the
term three-wave mixing is reserved for the processes mediated by x(z). The name four-
photon mixing is also used for FWM synonymously. Note also that the Stokes and anti-
Stokes bands are often called the signal and idler bands, borrowing the terminology from
the field of microwaves, when an input signal at ®, is amplified through the process of
FWM.

When the signal at difference frequencies propagates through the fiber, besides Cross-
Phase Modulation (XPM), another important effect occurs: four-wave mixing

Four-wave mixing (FWM) is a parametric interaction among waves satisfying a given
phase relationship called phase matching. Different phenomena may be originated by FWM
process depending on the relation among interaction frequencies. If three optical fields with

carrier frequencies @; (i =1, 2, 3) co propagates inside the fiber simultaneously, it appears
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that the third-order polarization vector has several components: three components have the

frequencies of the input fields, the others have an angular frequency @, given by
®4 =0 L0, Ty 4.27)

If no field is present in the fiber at the frequency @, , a new field component is created at
this frequency. If a field at the frequency @, is already .present in the fiber, it will be affected by
the nonlinear interaction between the fields atw;, which causes crosstalk in multi-channel
communication systems.

The phase-mismatch among all for waves is given by

AB = Blay)+ Bl@y) - B(@s) - B@y) 428)

where S(@) is the propagation constant for an optical field with frequency @. Assuming that
the frequencies to be closely and equally spaced (ie.,® =@, —Aw, ©3=0, -2Aw,

@y = @, — Aw ) and making a Taylor series expansion of all S s about the frequency @, , we get
AB =2p,(a0) (4.29)

where f, =92 B/ dw? is the group velocity dispersion (GVD). When S, =0 we a perfect
shave-phase matchirig and thus an efficient FWM. This situation is desirable for applications such
as all-optical signal processing, wavelength conversion, pulse compression, etc 12 FWM in
optical fibers can also be used for generating spectrally inverted signal through the process of
optical phase conjugation (OPC), which is useful for dispersion compensation. However, in
WDM systems FWM causes a transfer of power from each channel to its neighbors. Such a power
transfer not only results in the power loss for the channel but also induces inters channel crosstalk
that degrades the system performance severely. This problem can be minimized using the
technique of dispersion management, in which the fiber dispersion is kept locally high even
though it is low on average. Non-zero dispersion shifted fibers have been developed with a finite
but small dispersion (~2 to 8 ps/km-nm) in order to reduce FWM effects in actual fiber optic

communication systems.
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4.4.2 Theory of Four-Wave Mixing

Four-wave mixing transfers energy from a strong pump wave to two waves,
upshifted and downshifted in frequency from the pump frequency ©, by an amount €,
givenin Eq.(4.26) If only the pump wave is incident at the fiber, and the phase-matching
condition is satisfied, the Stokes and anti-Stokes waves at the frequencies ®, and ®, can
be generated from noise, similarly to the stimulated scattering processes. On the other
hand, if a weak signal at @, is also launched into the fiber together with the pump. The
signal is amplified while a new wave at @, is generated simultaneously. The gain
responsible for such amplification is called the parametric gain. In this section, we
consider the FWM mixing process in detail and drive an expression for the parametric

gain. The nondegenerate case (0, #®,) is considered for generality.

4.5 Erbium-doped fiber ring resonator

Consider the nonlinear fiber optic ring resonator incorporating an erbium-doped fiber

.

configuration is depicted in Fig. 4.1, which is constructed by single ring resonator and 2x2 optical

coupler. The circumference of the fiber ring is L.

a, L

fuely Eou:

Ein'g
X,y

Fig. 4.1. Schematic of Erbium-doped fiber ring resonator

For convenience of analysis, we assume the complex electric field at each port as shown
in Fig. 4.1, E_(t) is the incoming light field of an input port and the transmitted light field to the
output port is E_(t). While the rest of the fields E,(t) and E,(t) are the circulated fields inside the
fiber ring. Here, the input light is assumed to be monochromatic with constant amplitude and
random phase modulation which results in temporal coherence degradation. Hence, the input light
field can be expressed as

E,(t)=Ey expj $o() ) (4.30)
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According to light transmission theory in linear optical systems, we obtain the relations between
the electric fields E,(t), E,(t), E, (t) and the output field E_(t) as following equations: 1 is the loss
in the ring including the WDM insertion loss and splice losses between the EDF and the ordinary

fiber ;
E(0)=+i-y W% Ez(’)*‘f‘/;Ein(’)]. 4.31)

Eou 0 =1=7 NI=K Epy(0+ W B3], “32)

o
E,(1)=JG\1-nexp? o E\(1) (4.33)

and the total loss rate  is defined as

o
a= \/ GA-p)i-nyexp " (434)

G is the single-pass gain of Erbium-doped-fiber RR (EDFRR) for compensating the loss in the

ring; and should be equal to or smaller than the single-pass loss 1, namely.

=
exp

<l=——="—
A-nl-mn) (4.35)

After one round-trip the electric field E, makes the nonlinearity inside the FORR is due to
changes in the refractive index with optical power. Here, the power dependence of refractive

index is responsible for the Kerr effect and the refractive index can be written as

n=ny+nyl =ny +(;2 )IEI (t)lz
eff (4.36)

where n, and n, are the linear and nonlinear refractive indexes, respectively. I is the optical field
intensity and the effective mode core area of the fiber is A . Therefore, the circulated field E, has

a phase shift including linear and nonlinear parts as

=9y +% +APNL
(4.37)
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2
where 0 =KLno gnq PN = KLy 5| are the linear and nonlinear phase shift, ¥ =27/2 s the
wave propagation number in a vacuum. Substituting these parameters into Eq. (4.37) and then can

be written as
2rnyL
Meﬁ

$6)=do +§+ £, )|

(4.38)



CHAPTER 5

ENTANGLED PHOTONS

5.1 Quantum entanglement

Since quantum mechanics was born in the early 20th century, its controversial character
has intrigued many physicists in their perception of nature. Undoubtedly, quantum mechanics
offers a precise and elegant description of physical phenomena in various disciplines, ranging
from subatomic physics to molecular physics and condensed-matter physics. In the shadow of this
success, however, counterintuitive concepts of quantum mechanics have always been looming
and have triggered several discussions on the foundations of quantum mechanics.

One of these concepts is quantum entanglement which originates from the well-known
Gedanken experiment proposed by Albert Einstein, Boris Podolsky and Nathan Rosen (EPR) in
1935 [21]. In this experiment, two physical systems are considered to interact with respect to a
certain observable. Due to the. interaction the two systems will exhibit a strong mutual relation
with respect to this observable. This so-called quantum entanglement means that the individual
outcomes of the observables cannot be predicted with certainty for each of the two EPR systems,
but the outcomes of the observables for the two systems are always strictly correlated. Quantum
entanglement offends physical reality in the sense that the individual Measurement results are
fundamentally undetermined before the me&ﬁement. According to quantum mechanics, a
measurement of a certain value of the observable in one EPR system instantaneously determines
the state of the other system, irrespective of the distance between the systems. This latter
condition implies that quantum entanglement also contradicts the concept of locality. The EPR
paper thus concluded that quantum mechanics is apparently incompatible with a local and
realistic description of nature, and therefore cannot be considered as a “complete theory™.

It was not until 1964 that John Bell translated the some what philosophical EPR
discussion into a concrete test of the conflict between local realism and quantum mechanics [22].
This test consists of a set of inequalities which must be satisfied by any local and realistic theory.
Quantum mechanics, however, predicts violation of these so-called Bells inequalities for
measurements on specific quantum-entangled systems. Some years later, Clauser, Horne,

Shimony and Holt (CHSH) introduced a generalized version of Bells inequalities which applies to
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real laboratory experiments with, for example, quantum-entangled photons [23]. By now, many of
such experiments on EPR particles have shown strong violation of Bells

Inequalities and thus confirmed the non-local nature of entanglement [24-26]. Especially
in the last 15 years, investigations on the fundamental concept of quantum entanglement have
also led to perspective applications in information science, such as quantum cryptography

[27,28}, quantum teleportation [29,30] and quantum computation 311

5.2 Quantum Entangled photons

The first experimental proof of quantum entanglement via violation of Bell’s inequalities
was reported by Clauser and Shimony in 1978 [24]. A few years later, Aspect and co-workers
[25] performed similar experiments in a more efficient way which yielded even more convincing
results. For this pioneering work, photon pairs were used as the EPR particle systems. Ever since
this major breakthrough, these photon pairs have remained the most popular tool for testing
quantum correlations.

Despite the success of these early-generation EPR experiments[32], the employed atomic
cascade source of photon pairs has only incidentally been employed in follow-up experiments
because of the poor pair-production rate and collection efficiency. Instead, the production of
quantum-entangled photons via the non-linear process of spontaneous parametric down-
conversion (SPDC) in a bifringent crystal [33] became more favorable. In fact, the first SPDC .
source of photon pairs was already presented by Burnham and Weinberg in 1970 [34]). They
successfully observed photon coincidences by matching the detection to the energy- and
momentum-conservation conditions of the SPDC process. The new generation of EPR
experiments [32], where a SPDC source is used to test the quantum correlations between photons,
was simultaneously introduced by two groups in the late 80s [26], and quickly adopted by others
[27]. The popularity of EPR photon pairs is-also reflected by the ongoing development of high-
quality and high-intensity SPDC sources [34,35].

As mentioned before, the entanglement of two-particle systems is always with respect to
a certain observable. For quantum-entangled photons three of such observables can be
distinguished, being polarization, energy or time (longitudinal space), and transverse momentum
or transverse space. The corresponding types of entanglement are called polarization, time and

spatial entanglement of photons, respectively. The entanglement of photons is in principle
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simultaneous in the three mentioned observables. In this respect, one can also speak about multi
parameter or hyper entanglement [36,37].

In the first entanglement experiments[24,25] only polarization correlations of EPR
photons were measured. Since then, EPR experiments with polarization-entangled photons have
always been most popular due to their practical simplicity [34,35]. Time entanglement of photons
has been widely investigated in several interferometric schemes [37]. Somewhat less explored are
the spatial correlations of entangled photons. The most notable experiments on spatial
entanglement study these correlations by conditional imaging of the transverse positions of the

pair-photons [38,39].

5.2.1 The biphoton wavefunction

Mathen;atjcally speaking, two particlesland2 are said to be entangled if their joint
quantum state cannot be factorized into the quantum states of the individual particles. The
physical interpretation of entanglement is that measurement of a quantum observable on particle 1
instantaneously determines the outcome of this observable for particle 2 and vice versa,
irrespective of the inter particle distance and without any manipulation of particle 2. Two photons
can be entangled in their polarization, transverse momentum or frequency, which implies that
their two-photon wave function is non-factorizable in either of these degrees of freedom.

In general, the two-photon state produced via spontaneous parametric down conversion

in a nonlinear crystal can be represented by the wave function .

I‘/’>= qux quz Ida)l Ida’z Z Z(Dij(%,a’l;qz’wz)é:(%’a)l)é;(qvwz)lm .1

i=H,V j=H,V

The creation operators 5:’ (9,,®,) and 5}' (q,,@,) act on the vacuum state lO) , and create a
photon in beam 1 with transverse momentum q, ,frequency , and polarization i, and a photon in
beam 2 with transverse momentum g, ,frequency ®, and polarization j, respectively. The
polarizations of photon 1 and 2 are labeled by indices i and j where the summation is over the
horizontal (H) and vertical (V) polarization. Conservation of energy and transverse momentum in
the down-conversion process requires 0, =®,+ M, andq,=q, +q,.

The physics of the SPDC process and the quantum entanglement are contained in the

biphoton amplitude functions ®;(q;,®,;q,,®,) . In fact, these amplitude functions depend on
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three different aspects that embody(i) the transverse profile of the pump field E, (q,, ®,), (ii) the
phase mismatch built up during propagation inside the generating crystal and (iii) the two-photon

propagation from the crystal plane to the detection plane.

5.2.2 The polarization-entangled photons
For the study of polarization entanglement, we consider two-photon production via type-
11 SPDC where the generated pair-photons have orthogonal polarizations, i.e., either i, j =H,V or

i, j = V,H. The two-photon state in Eq. (5.1)can now be written as

lw)= qul quz Ida)l Ida)z {(DHV (‘h:wﬁ%:szH:(h’a)l;vach’wz) +
CDVH(‘h’wl;(bwzxv,(h:w];Hanwz)} (5:2)

Physically speaking, the pair-photons are polarization entangled if one in principle
cannot distinguish which photon (H or V) has travelled which path (1 or 2) on the basis of the
measurement of any other variable than polarization. This is the case when the biphoton
amplitude functions (DHV and (DVH overlap sufficiently well to prevent us to distinguish between
the two states lHV) and IVH) on the basis of either frequency or spatial contents. The
interference between these two probability channels is quantified by the wave function-overlap
which is proportional to the coincidence count rate for simultaneous detection of one pair-photon
in each detector.

An excited atom emits two photons that come out back to back from the Einstein Podolsky
Rosen (EPR) source, with vanishing angular momentum and even parity. If lx) and |y) are

horizontal and vertical linear polarization states of the photon, then have seen that

[+) == (x)+ily))

|-y == (%) +|y)) (5.3)

S-S

are the eigenstates of helicity. For two photons, one propagating light is in the + Zdirection and

other in the — Zdirection. The states
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=)l ) (54

are invariant under rotations about Z. (The photons have opposite values of j _, but the same
helicity, since they are propagating in opposite directions.) Under a reflection in the y—z plane,

the polarization states are modified according to

[x)>Ix) 5 [+) = +-)

v)=1y) » |9 =>-il+) (5.5)

Therefore, the parity eigenstates are entangled states
1
_ﬁq-l-)Al—)B i|_>AI+>B) (5.6)

The state with J, = 0 and even parity, then, expressed in terms of the linear polarization states, is

) = e =),y 6D

Because of invariance under rotations about %, the state has this form irrespective of how we
orient the x and y axes. We can use a polarization of either photon along any axis in the xy plane.
Let |x(9)) , and |y(6)) denote the linear polarization eigenstates along axes rotated by angle

6 relative to the canonical x and y-axes. We may define an operator as (the analog of G )

+(6)=|x(©))}x(6)) -|y(©))| y(6) (58)
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Which has these polarization states as eigenstate with respective eigen values as

RON it
|y(©)= (— o e) (5.9)

cos9

Let |H> and |V> be two polarization states of photon, which are sent from Alice to Bob

along two separated channels. We shall take two orthogonal states |\y+> and |\y_> , linear

l‘l ”
b

combinations of |H> and IV) as show in Fig. 5.1 , to represent bit value “0” and bit value

respectively :

(1) +]V)) (5.10)

(H)-|V)) (5.11)

lw.)=

sl -

lw_)=

S oetector
vy b — ~ D= {1

Detector

Detector

Dt

Detector

Detector

Dbt 3

50%

[V)+ 1) % -D 44

PBS 50% Detector

Fig. 5.1 Schematic diagram of a single photon entangled state.
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Alice sends to Bob either l\u+> or |\|/_>. The two localized states, lH) and lV) , are not sent
together, but |V> is delayed for some time T . For simplicity, we choose 1T to be larger than the
‘traveling time of the particles from Alice to Bob, 0. Thus IV) starts traveling towards Bob only
when |H> already has reached Bob, such that the two wave packets and never found together in

the transmission channels.

5.3 Entangled Photons Generation
A conventional fiber optic Mach-Zehnder interferometer is configured as an intrinsic sensor
based on the interference between a sensing and a reference signal. A standard two-beam

interferometer uses a laser diode as a coherent light source.

_ Pulse output
0 At

Pulse input

Coupler Switch

Fig. 5.2 A schematic of fiber optic Mach-Zhender interferometer.

To understand a system of all fiber optic interferometer, it is useful to start with the simple
device, which can be entirely understood in terms of classical linear optics in Fig. 5.2 Let a 1-
photon pulse enter into the device from left-hand side via one end of the coupler, which is
assumed that it duration time is shot compared to the length difference of the interferometer arms.
The incoming pulses were split by the first fiber-coupler between a short and a longer fiber path,
in order to form a temporally separated pulse pair. The path lengths were chosen such that a
relative time delay of 9.9 lis was obtained between the pair of pulses coupled into the
transmission fiber via the second coupler. A phase shifter consisting of which could be varied by
polarization control fiber (PC). The output pulses consists of two well-separated pulses which

denote them shot and long respectively, which is presented the basis of quantum bit (qubit) space,
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similarly to the usual vertical IV) and horizontal IH) linear polarization states. The relative
norm and phase of the coefficients & and f are determined by the coupling ratio (M) of the
coupler (beam splitter) and the phase ¢ of the phase shifter, respectively. Hence, any state of the
two-dimensional Hilbert space spanned by the basic state can be prepared and analyzed. The
duration time difference (At ) of this Mach-Zehnder interferometer should be much longer than
the pulse duration. The switch of the device recombines the pulse traveling through the short and
the long arms without introducing any loss, which could be replaced by a passive fiber coupler. In
our scheme, the photon wave function of one incident circular polarized photon will be split into
two parts, transmitted part and the reflected part, by an ordinary nonpolarizing coupler. After
interacting with the two parts of the photon wave function will be re-combined by the second
ordinary nonpolarizing coupler. Through detecting the photon after the second coupler, we can
decide whether the entangled photon pair has been created.

The correspondence between the polarization states and the states obtained by superposition
of the two arm ones can be extended. For example, a polarization coupler that separates the basic
vertical and horizontal polarization states corresponds to an optical switch between the short and
the long pulses. We assume those horizontally polarized pulses with a temporal separation of At
input into a Mach-Zehnder interferometer. The coherence time of the consecutive pulses is larger

than At . Then the following time-bin entangled state is created through parametric in MZI.

@) =[LH) |LH), +|2,H) [2,H), (5.12)

In the expressi()n |k,H),k is the number of time slots (1 or 2), where denotes the state of
polarization fhorizontal (H) or vertical (V)], and the subscript identifies whether the state is the
signal (s) or the idler (i) state. In Eq. (5.12), for simplicity we have omitted an amplitude term
that is common to all product states. We employ the same simplification in subsequent equations
in this research. This two-photon state with H polarization shown by Fig. 5.2 is input into the
orthogonal polarization-delay circuit shown schematically in Fig. 3.4. The delay circuit consists
of a coupler and the difference between the round-trip times of the fiber ring resonator, which is
equal to At . The polarization controller (PC) is tilted by changing the round trip of the fiber ting

is converted into V at the delay circuit output. That is the delay circuits convert;
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|k,H) tor]k,H) +t, expp)k+1,V)+ 1, exp(i,9)| k +2,H) + n,t, exp(iy§)|k +3,V)
Where t and r is the amplitude transmittances to cross and bar ports in a coupler. Then Eq. (5.12)

is converted into the polarized state by the delay circuit as

|®) = [|1,H)_ +exp(ip,)|2, V), ]
x[|1,H). +exp(ib;)|2, V),]
+[]2,H), +exp( i,)[3, V), ]
x|
=[|1,H) |1, 1), + exp(ip)|LH) 2, V).]

L)

2,H). +exp(i9;)]2, V),]

+ exp(ip,)|2, V),
+exp[i(o, +9.)]|2,V) 2. V),

+|2,H) |2,H), +exp ()2, H), |3, V),

+expi9, )3, V), |2,H),

+exp[i(p, +9.)]|3, V) |3, V), (5.13)

By the coincidence counts in the second time slot, we can extract the fourth and fifth terms. As a

result, we can obtain the following polarization entangled state as

@) = [2,H),|2,H),

+exp [i(, +6:)]]2, V), |2, V), 5.14)

In this Fig. 5.3 the fiber acts as a nonlinear medium as a result of the optical Kerr effect.
The use of long fiber with a small core is attractive for achieving a high optical intensity and long
interaction length. The nonlinearity of the fiber is assumed to be of the Kerr type, i.e., the

refractive index is given by
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Fiber Ring Resonator

Coupler

Fig. 5.3 A schematic diagram of the polarization delay circuit that uses in the experiment.

n,yny IEIZ

n=n, +n,I=ngy + 2
Tlo

Seﬁ'

where n, and n, is the linear and nonlinear refractive index of the fiber respectively, and 7, is
the wave impedance in vacuum. I is the instantaneous optical intensity, E the optical electric field,
and P the optical power. S is the effective mode area depending on the modal field profile in
the fiber. All numerical results presented here were calculated for the following values: linear
index n, =1.45 , nonlinear index n, =3.0 x102 m?/W , and effective mode
areaS . =50 pum?. We assume that the response time of the Kerr effect is much less than the
cavity round-trip time. Because of the Kerr nonlinearity of the optical fiber, the strong pulses
acquire an intensity dependent phase shift during propagation. In the fiber ring resonator is
arrangement, the weak and the strong propagating pulses acquire different nonlinear phase shifts.
When the pulses interfere at the coupler, this relative phase shift realigns the axes of the ellipse.
That the fiber optic MZI incorporating a nonlinear fiber optic ring resonator can be used to
generate the pulsed polarization-entangled photon pairs, based on the conventional time-bin

entanglement arrangement.
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Fiber Ring Resonator
Fiber length 2 km
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Fig. 5.4 The schematic of the experimental setup diagram; LD: Laser diode, PCs:Polarization
Controllers, APD: Avalanche Photo detector.

In Fig. 5.4 Polarized light pulse is split in to two states via a fiber optic coupler, which
randomly propagates in one of the interferometer arms. One of light beams propagates to
polarization controller (PC 1) via a fiber optic with 2 km lengths, where the random combination
of the entangled pulses is occurred at a second coupler (switch). The optical switch is separate the
basic states without losses. The output photons consist of two well-separated pulse energy, which
is entangled. Then the output pulses from MZI were launched into the nonlinear fiber ring
resonator of the delay circuit. The delay circuit was made of 2-km fiber optic length. This fiber
optic length can be designed to precisely adjust the required delay time i.e. At , while the change
in phase being controlled by using the polarization controller (PC 2). The Kerr type nonlinearly
of the effect of light pulses in the optical fiber is occurred while circulating in fiber ring

resonator.

Since only the ratio of speed is involved in snell’s law, only the rationis determine by
measurements of refraction. The definition of the index of refraction of a single medium requires
a convention. The convention used is that the index of refraction of a vacuum is exactly 1. Since

the speed of light in vacuum is the constant c, the index of refraction n for a substance is given

by

n=l (5.16)
v
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where V is the speed of light in the substance. It is important to note that without some definition
of global time the physical quantity speed (and thus light-speed) has no definite meaning anyway.

Consider an object moving from position A to B. Its speed v is given by the formula

(5.17)

S
V==
t

where S is the distance of start to end of fiber optic, t is the time of the start and the finish time in

fiber optic.
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CHAPTER 7

DISCUSSION AND CONCLUSIONS

7.1 Discussion

To begin this concept, we introduce the technique that can be used to create the entangled
photons, the input pulses that the polarization states correspond to an optical switch (coupler)
between the short and the long pulses, where the short and long pulses correspond to the pulses
that traveling through short and long fiber lengths respectively. We assume those horizontally
polarized pulses with a temporal separation of Af . The coherence time of the consecutive pulses

is larger than At . Then the following time-bin state can be writing in Eq. (7.1).
(@), =12 |L 1), + 2, H) |2, ), .0

In the expression of I k,H ), k is the number of time slots (k =1,2), the state of polarizations
are denoted by horizontal (H) or vertical (V), and the subscripts imply the state of the signal (s) or
the idler (i). In Eq. (7.1), for simplicity we have omitted an amplitude term that is common to all
product states, which similar in subsequent equations in this paper. The two-photon states with H
polarization as shown in Eq. (7.1) are the input into the orthogonal polarization-delay circuit

(fiber ring resonator).

| @) =|1,H) |1, H), +exp(ig |1, H) |2,V), +exp(id,)| 2V}, |LH),
+explilg, +8)]2.V) |2.7), +|2,H) |2, H), +explig, )2, H) |3,V),

+explig, |3,7V),|2, H), +exp[i(s, +4,)]3,¥) |3.7), (7.2)

By the coincidence counts in the second time slot, we can extract the fourth and fifth terms. As a

result, we can obtain the following polarization entangled state as

|@)=[2,H) |2,H), +exp[i(g, + ¢, )]j2,V),|2,V), (7.3)

In case of the system using weak light input (i.e. without pumping part and component), the fiber

acts as a nonlinear medium because of the Kerr effects and four-wave mixing of light in a fiber
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ring resonator. The weak light source in this case is the commercial diode laser, which the output
power is ranged from 3-5 mW. The superposition of the delayed pulse trains within the fiber ring
resonator can introduce the Kerr effect and FWM at the resonance power.

When a polarized pulse or polarization entangled photon enters into a fiber ring resonator
incorporating an erbium-doped fiber (EDF), the nonlinear effect i.e. Kerr type occurs which is
induced the entangled states in Eq.7.3. An optical amplifier is operated by EDF via a coupler 1,
where the output is then re-circulated within the ring resonator. The resonator re-circulating
power is extracted from the coupler 1, which means there is part of the optical power leaving the
fiber ring resonator. Where ¥ and x are the fractional intensity loss and intensity coupling
coefficient of the coupler 1. Fiber attenuation and the fiber ring length are represented as« and L,
respectively. The fractional over-all loss of optical components in the ring is77. This includes the
power which is extracted by a coupler 2. Full resonance, in particular, is obtained when: the
round-trip intensity loss through the ring is just compensated for by the fractional intensity
coupling at the coupler 1. Thus, full resonance of an optical amplifier with an intensity gain (G)

can be written as

2al.

G:(l-r)(l—n)(l-'f)

(7.4)

When H and V are the states of polarization [horizontal (H) or vertical (V)], and the
subscript identifies whether the states is the signal (s) or the idler (i) state. In Eq. (7.1), for
simplicity we have omitted an amplitude term that is common to all product states. As a result, we
can obtain the following polarization entangled states. In general, the weak entangled photon
states can also be recovered after circulating in the amplified fiber optic medium and the photon
states can be re-generated by adjusting the polarization controller (PC) of the amplified photons,
where the regenerated entangled states can be achieved.

Initially, the optimum entangled photon visibility is formed by using two polarized control
devices, which one is the PC, the other is the rotatable polarizer. The change in transversal walk-
off from the optimum point can be recovered by adjusting the rotatable polarizer.  The
transversal walk-off produces a shift between the ordinary and extraordinary while the
longitudinal walk-off introduces a time delay between horizontally and vertically polarized

photons. Finally, the change in fiber birefringence where a transversal walk-off (the extraordinary
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beam) and the longitudinal walk-off between the ordinary and extraordinary beam is occurred.
The amount of the walk-off depends on the location where the photon-pairs are created within the
fiber. This position is completely random due to the coherent nature of light in fiber optic. To
compensate the longitudinal timing-walk-off effect, a polarization controller is recommended to
ensure that the polarization rotation is the same on both photons from the entangled pair.
Additionally the compensator fiber is used to change the relative phase ¢ of the states of the
polarized light. In this case the compensation is made by the polarization rotation angle of the
rotatable polarizer. Because of the change in birefringence, the tilting of the compensator allows

to apply a phase shift to the entangled states of the two photons, which are given by Eq. (7.5).

1 i
), 75—0“% ®V), +e*|V), 8|H),) 7.5
In applications, the walk-off entangled state parameters involving in the measurement are
related to the changes in the applied physical parameters such as force, stress, strain, heat, and
pressure etc and the fiber optic properties. However, the interested parameters in this proposed

systems are concerned the fiber optic birefringence parameters, which can be given by

_ 2n(n,—-n,)L,
B A

Ag (7.6)

Where An = (n, - n) is the fiber optic birefringence, L, is the entangled states walk-off length,
and A is the light source wavelength. In principle, the measurement of the change in applied
physical parameter relating to the entangled states walk-off length or fiber birefringence is
proposed. When the applied physical parameter is employed to the erbium-doped fiber within the
temperature control environment, the entangled photons walk-off states is induced, where the
change in temperature can be induced the change in phase shift (A$)]. To obtain the optimal
visibility of the entangled photons after walk-off states. The photon states can also be recovered
after circulating in the amplified fiber optic medium by adjusting the polarization controller (PC)
or change a temperature of the amplified photons, where the regenerated entangled states can be

achieved. The measurement data is obtained by the detector D1 and D2.
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7.2 Conclusion

We have demonstrated the use of our scheme which is consisted of a fiber ring resonator
incorporating the EDF, where the low optical power entangled states recovery is achieved. The
results obtained have shown that the entangled states with the lower input can be regeneration
with higher amplitude by pumping EDF and tilting PC, respectively. Further, the rotatable
polarizer was rotated to obtain the optimum entangled photon visibility. The purposed system can
be used to recover the low polarized input light pulse, the entangled photons and walk-off
compensation, while the entangled states can be recovered and suitable for long distance quantum
communication link. Where the repeated signal in the transmission line is plausible, which means
the use of a quantum repeater could be realized.

The system generation the dynamic simulation of light traveling in nonlinear fiber,
where the low optical power entangled states recovery. The optiéal nonlinear phenomena
including the bistability and the Ikeda instability such as the bifurcation and chaos are
investigated. This system can be used to recover both low polarized input light pulse or
polarization entangled states.

We have proposed and successfully demonstrated a stable and broad bandwidth multi
wavelength EDFL with potential applications in DWDM systems. Nonlinear optical loop mirrors
which induces intensity-dependent loss in a laser cavity and functions as an amplitude equalizer
was employed to obtain stable multi wavelength oscillations in EDFL at room temperature. Multi
wavelengths lasing operation with uniform power distribution has been achieved.

The test of thermal effects on the walk-off entangled states is discussed, which is
ignorable after the compensation. The nonlinear response time for the 1550 nm light signal is very
fast, because 1550 nm is a resonant wavelength i.e. center wavelength of the amplified medium.
However, the detected output still can be performed the entangled photon visibility and valid. A
result of the change in entangled photon s'tates due to temperature changes have shown the
interesting result, where the optimum photon visibility can be achieved by adjusting a pair of the
polarization control devices. Which means the entangled photon states walk-off due to the change
in temperature can be compensated and achieved by using a pair of the polarization control
devices.

The main advantage of the fiber-based sources entangled photons is the good
compatibility and reliability with the transmission fiber system. This system can also be used to

recover both low polarized input light pulse or polarization entangled states, while the entangled
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states can be recovered and suitable for long distance quantum communication link. However, the
fiber ring radius is a long fiber length. Therefore, in practices, we still require the shorter
amplified fiber to use in the practical system. This will be the interesting subject of the research

project in the future.
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