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Fig. 3. Types of fiber gratings. (a) Fiber Bragg grating, (b) long-period fiber grating, (c) chirped fiber grating,

(d) tilted fiber grating, (e) sampled fiber grating.

sitions, which results in a delay time difference for different reflected wavelengths. A tilted

fiber grating can couple the forward propagating core mode to the backward propagating

core mode and a backward propagating cladding mode. A sampled fiber grating can reflect

several wavelength components with equal wavelength spacing. All these types of grat-

ings have been utilized in various types of fiber grating sensors and wavelength change

interrogators. Among them, however, FBGs are the most widely used as sensor heads.

In FBGs the Bragg wavelength λB, or the wavelength of the light that is reflected, is

given by

λB = 2neffΛ, (1)

[ebda.]

- Fasersensoren sind:
∼ leicht,
∼ klein,
∼ minimalinvasiv,
∼ stabil gegen elektromagnetische Interferenzen

[Lee et al., Optical Fiber Technology 9, 57 (2003)]

- prominentes Beispiel: Faser-Bragg-Sensoren
∼ Bragg-Gitter eingeschrieben
∼ reflektiert λB = 2neffΛ
∼ Λ wesentlich druck- / temperaturabhängig
∼ nur lokal sensitiv
∼ Transmissionsspektrenauswertung nötig

- Einfacheres System gewünscht.
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88 5 Characterization of optical fibers
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Fig. 5.10 Measured powers of the modes LP01, LP11e and LP11o as a function of applied
force, normalized to a maximum value of the total power of one. (a) Fiber A.
(b) Fiber B.

compressed, it becomes stiffer and the ability to absorb pressure decreases, result-
ing in a coupling period that converges to the value of the corresponding uncoated
fiber. Intriguingly, this effect does not occur for fiber B, whose coating is obviously
made of much stiffer material, being unable to absorb pressure, see Fig. 5.10(b).
The period of 32.0 N is almost identical to the uncoated value of 31.6 N.

As a second example for mode coupling, the impact of the applied force on
the polarization is investigated. In addition to the coupling LPmne Ø LPmno, the
polarization modes can couple as well, e.g., the polarization components of the
fundamental mode LP01,x Ø LP01,y, which is shown in Fig. 5.11 for fiber A. As can
be seen the polarization components of the fundamental mode LP01,x and LP01,y

oscillate in power, whereas both are exactly out of phase, and the total power is
approximately constant. From a frequency analysis the average period was esti-
mated to 15.1 N, which resembles the value obtained for the LP11 mode coupling
for this fiber. To solely investigate the polarization coupling, the fiber was strongly
bent in front of the stressed section in addition to a centered and size-matched
excitation. In complete analogy to the LP11 mode coupling, the polarization cou-
pling can be understood as the evolution of the intramodal phase difference δ
between two polarization states, i.e., the fiber must be birefringent. Similarly, this
phase difference cannot be between the x- and y-components, which would yield
constant polarization amplitudes, but must be between superposition states of x-
and y-component. First symmetric mode superpositions could be considered, i.e.,

[Schulze, Dissertation, FSU Jena (2014)]

- Führung von Fasermoden
extern beeinflusst.

- Höhere Moden stärker
beeinflusst.

- → 1 höhere Mode
und Intensitätsmessung

⇒ Sensor

- Passive Phasenplatten zur modal selektiven Anregung
[Igarashi et al., Optics Express 22, 20881 (2014)]

- 2 / 21 - 03.12.2014



Motivation Grundlagen Experimente Vergleich Zusammenfassung

Motivation
88 5 Characterization of optical fibers

2
 [

a
.u

.]

0 10 20 30 50
F [N]

0.4

40 60

0.8

1.0

0 10 20 30 50
F [N]

40 60 70 80

(a)

0.6

LP01

LP11e

LP11o

2
 [

a
.u

.]

0.8

1.0

0.6

(b)

LP01

LP11e

LP11o

0.4

0.0

0.20.2

0.0

Fig. 5.10 Measured powers of the modes LP01, LP11e and LP11o as a function of applied
force, normalized to a maximum value of the total power of one. (a) Fiber A.
(b) Fiber B.

compressed, it becomes stiffer and the ability to absorb pressure decreases, result-
ing in a coupling period that converges to the value of the corresponding uncoated
fiber. Intriguingly, this effect does not occur for fiber B, whose coating is obviously
made of much stiffer material, being unable to absorb pressure, see Fig. 5.10(b).
The period of 32.0 N is almost identical to the uncoated value of 31.6 N.

As a second example for mode coupling, the impact of the applied force on
the polarization is investigated. In addition to the coupling LPmne Ø LPmno, the
polarization modes can couple as well, e.g., the polarization components of the
fundamental mode LP01,x Ø LP01,y, which is shown in Fig. 5.11 for fiber A. As can
be seen the polarization components of the fundamental mode LP01,x and LP01,y

oscillate in power, whereas both are exactly out of phase, and the total power is
approximately constant. From a frequency analysis the average period was esti-
mated to 15.1 N, which resembles the value obtained for the LP11 mode coupling
for this fiber. To solely investigate the polarization coupling, the fiber was strongly
bent in front of the stressed section in addition to a centered and size-matched
excitation. In complete analogy to the LP11 mode coupling, the polarization cou-
pling can be understood as the evolution of the intramodal phase difference δ
between two polarization states, i.e., the fiber must be birefringent. Similarly, this
phase difference cannot be between the x- and y-components, which would yield
constant polarization amplitudes, but must be between superposition states of x-
and y-component. First symmetric mode superpositions could be considered, i.e.,

[Schulze, Dissertation, FSU Jena (2014)]

- Führung von Fasermoden
extern beeinflusst.

- Höhere Moden stärker
beeinflusst.

- → 1 höhere Mode
und Intensitätsmessung

⇒ Sensor

- Passive Phasenplatten zur modal selektiven Anregung
[Igarashi et al., Optics Express 22, 20881 (2014)]

- 2 / 21 - 03.12.2014



Motivation Grundlagen Experimente Vergleich Zusammenfassung

Motivation
88 5 Characterization of optical fibers

2
 [

a
.u

.]

0 10 20 30 50
F [N]

0.4

40 60

0.8

1.0

0 10 20 30 50
F [N]

40 60 70 80

(a)

0.6

LP01

LP11e

LP11o

2
 [

a
.u

.]

0.8

1.0

0.6

(b)

LP01

LP11e

LP11o

0.4

0.0

0.20.2

0.0

Fig. 5.10 Measured powers of the modes LP01, LP11e and LP11o as a function of applied
force, normalized to a maximum value of the total power of one. (a) Fiber A.
(b) Fiber B.

compressed, it becomes stiffer and the ability to absorb pressure decreases, result-
ing in a coupling period that converges to the value of the corresponding uncoated
fiber. Intriguingly, this effect does not occur for fiber B, whose coating is obviously
made of much stiffer material, being unable to absorb pressure, see Fig. 5.10(b).
The period of 32.0 N is almost identical to the uncoated value of 31.6 N.

As a second example for mode coupling, the impact of the applied force on
the polarization is investigated. In addition to the coupling LPmne Ø LPmno, the
polarization modes can couple as well, e.g., the polarization components of the
fundamental mode LP01,x Ø LP01,y, which is shown in Fig. 5.11 for fiber A. As can
be seen the polarization components of the fundamental mode LP01,x and LP01,y

oscillate in power, whereas both are exactly out of phase, and the total power is
approximately constant. From a frequency analysis the average period was esti-
mated to 15.1 N, which resembles the value obtained for the LP11 mode coupling
for this fiber. To solely investigate the polarization coupling, the fiber was strongly
bent in front of the stressed section in addition to a centered and size-matched
excitation. In complete analogy to the LP11 mode coupling, the polarization cou-
pling can be understood as the evolution of the intramodal phase difference δ
between two polarization states, i.e., the fiber must be birefringent. Similarly, this
phase difference cannot be between the x- and y-components, which would yield
constant polarization amplitudes, but must be between superposition states of x-
and y-component. First symmetric mode superpositions could be considered, i.e.,

[Schulze, Dissertation, FSU Jena (2014)]

- Führung von Fasermoden
extern beeinflusst.

- Höhere Moden stärker
beeinflusst.

- → 1 höhere Mode
und Intensitätsmessung

⇒ Sensor

- Passive Phasenplatten zur modal selektiven Anregung
[Igarashi et al., Optics Express 22, 20881 (2014)]

- 2 / 21 - 03.12.2014



Motivation Grundlagen Experimente Vergleich Zusammenfassung

Motivation

- Bis jetzt: Phasenplatte im kollimierten Strahl
MO1

FMF
HP

LS PP

- Zur Vermeidung von Propagationseffekten neuer Ansatz:
monolithischer Aufbau

MO1
FMF

HP

LS PP

LS - Laser Quelle, MO1 - Mikroskopobjektiv, PP - Phasenplatte,
HP - Hexapod, FMF - Few Mode Faser.
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Fasermoden
nCo
nCl

Faser

- Radialsymmetrische Stufenindexfaser.
- Schwach führend.
- ⇒ LPlm-Moden .

- Jedes geführte Feld E⃗ein als Linearkombination beschreibbar

E⃗ein = ∑

l,m,o,p
ρlmop LPo

lm e⃗p ,

o Orientierung der jeweiligen Mode, e⃗p Polarisationseinheitsvektor.

- Aufgrund Symmetrie des Problems und der Willkürlichkeit von
o numerisch nur Folgendes betrachtet:

ρ2
lm = ∑

o,p
ρ2

lmop .
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- Typische Amplituden- und Phasenprofile einer Few Mode Faser

4 Numeric

4. Numeric

In this section the numerical results concerning the modal coupling efficiency depending on the
beam waist radius of the incident beam σ0 [4.2], the free space distance between the phase plate
and the fiber input plane ζ [4.3] and the transversal misalignement of the incident beam [4.4]
will be displayed.
At first though the outsets used for the simulations will be described.

4.1. Numerical Setup

The fiber Nufern LMA-GDF-25/250-M is a step index fiber with a cylindrical core with an
assumed radius of a = 12.25µm and refractive index ncore = 1.4515. Because of the strong decay
of the guided mode’s power in the cladding, no other regions outside of it were numerically
considered. The cladding was assumed to be undoped glass and therefore ncladding = 1.4500.

The guided LP -modes were determined numerically via a scalar finite difference modesolver
[26] and are shown in figure 9.
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Figure 9: Amplitude and phase [insets] profile of the six guided LP -modes in the Nufern LMA-
GDF-25/250-M of wavelength λ = 1064nm calculated numerically; dimensions in
µm.
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- Phasenprofile verschiedener l orthogonal!
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→ selektierbar
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Modale Anregung

- transversaler Phasenhub [Seitenansicht]

Ein

nph d

E0 Ð→

ζ

Faser

Eein Ð→

- Phasendifferenz
∆Φ =

2π
λ

[nph − n]d

- 7 / 21 - 03.12.2014



Motivation Grundlagen Experimente Vergleich Zusammenfassung

Modale Anregung

- transversaler Phasenhub [Seitenansicht]

Ein

nph d

E0 Ð→

ζ

Faser

Eein Ð→

- Phasendifferenz
∆Φ =

2π
λ

[nph − n]d

- 7 / 21 - 03.12.2014



Motivation Grundlagen Experimente Vergleich Zusammenfassung

- Untersuchte Phasenprofile [Frontalansicht]

2 Theory

Ein Ð→
nph d

Eirr Ð→
n

Figure 4: Scheme of the effect of a phase plate on the phase profile of a Gaussian beam at its
waist.

2.5. Phase Shift ∆Φ

From formula (2.14) one sees, using cylindrical coordinates (r,ϕ, z), that the transversal phase
profile of the LP -modes E p

lm form = 0 is proportional to cos(lϕ+ϕ0). Accordingly the phase plate
for the excitation of the LP01-mode 0 shows only one section of constant phase shift ∆Φ. The
phase plate for excitation of LP11 1 is divided in two sections [ϕ ∈ [0°,180°) and ϕ ∈ [180°,360°)]
with each constant phase shifts 0° or ∆Φ respectively. The phase plate for the excitation of
the LP21-mode 2 is divided in four sections [ϕ ∈ [0°,90°),ϕ ∈ [90°,180°),ϕ ∈ [180°,270°) and
ϕ ∈ [270°,360°)] with alternating phase shifts 0° and ∆Φ. Their phase shift profiles are shown
in figure 5.
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Figure 5: Transversal phase plate phase shift profiles [ 0 , 1 , 2 ]; dimensions in µm.

By considering the symmetry of the phase plates and the LP -modes, it is evident that for
∆Φ = 180° a Gaussian beam EG phase shifted by phase plate l only couples in LP -modes E p

lm

with the same l.

IF ∆Φ different is to 180° for a phase plate l , then the phase shifted beam Ein can be
described by superposing an unperturbed beam Eirr of different relative amplitude ρ̃0 with a

11

0 1 2

- Die normierte, dem jeweiligen Phasenprofil angepasste
Intensität mittels l ergibt sich zu

ρ̃ 2
l =

1
2
[1 − cos(∆Φ)] , ρ̃ 2

0 =

1
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- Untersuchte Phasenprofile [Frontalansicht]

2 Theory

Ein Ð→
nph d

Eirr Ð→
n

Figure 4: Scheme of the effect of a phase plate on the phase profile of a Gaussian beam at its
waist.

2.5. Phase Shift ∆Φ

From formula (2.14) one sees, using cylindrical coordinates (r,ϕ, z), that the transversal phase
profile of the LP -modes E p

lm form = 0 is proportional to cos(lϕ+ϕ0). Accordingly the phase plate
for the excitation of the LP01-mode 0 shows only one section of constant phase shift ∆Φ. The
phase plate for excitation of LP11 1 is divided in two sections [ϕ ∈ [0°,180°) and ϕ ∈ [180°,360°)]
with each constant phase shifts 0° or ∆Φ respectively. The phase plate for the excitation of
the LP21-mode 2 is divided in four sections [ϕ ∈ [0°,90°),ϕ ∈ [90°,180°),ϕ ∈ [180°,270°) and
ϕ ∈ [270°,360°)] with alternating phase shifts 0° and ∆Φ. Their phase shift profiles are shown
in figure 5.
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Motivation Grundlagen Experimente Vergleich Zusammenfassung

Experimenteller Aufbau
- Prinzipskizze des experimentellen Setups:

MO1
FMF

HP

LS PP

- Modale Zerlegung des austretenden Lichtes mittels der
Korrelationsfiltermethode [CFM].

[Kaiser, Diplomarbeit, FSU Jena, 2008]

LS - Laser Quelle, MO1,2 - Mikroskopobjektive, PP - Phasenplat-
te, HP - Hexapod, FMF - Few Mode Faser, HWP - 3λ

2 -Platte,
P - Linearpolarisator, L1,2 - Linsen, BS - Strahlteiler, CCD1,2 - Kameras,
CF - Korrelationsfilter.

- Verwendete Faser: Nufern LMA-GDF-25/250-M mit 1064nm.
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Phasenplatte

- Von Dr. Siegmund Schröter [IPHT Jena].
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Vorbemerkungen

- Messungen und Rechnungen aufgelöst in Orientierung der
Moden [ϕ0] ausgeführt.

- Transversale, lineare Polarisation der Moden in Experiment
gemessen.

- Für Fasersensor mit Intensitätsmessung nicht relevant.
- In realen Faser störende Effekte [z.B. modale Doppelbrechung].

[Kogelnik et al., Journ of Lightw. Tech. 30, 2240 (2012)]

- Ergebnisse ohne Berücksichtigung dieser Parameter dargestellt.
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Strahlradius

- Modale Kopplungseffizienz über dem Strahlradius für 1 mit

∆Φ = 180° und ∆Φ = 144°.
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Strahlradius

- Für alle untersuchten Phasenplatten Reinheit der gewünschten
Mode von 100% möglich.

- Maximale Kopplungseffizienz für höhere l niedriger:

0 99,3%
1 72,9%
2 67,2%

- Optimaler Strahlradius für höhere l größer:

0 10,0µm
1 12,7µm
2 15,1µm
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Freiraumpropagationsdistanz
- Abstand zwischen Phasenplatte und Fasereingang ζ.

Ein

nph d

Eirr Ð→

ζ

Faser

E Ð→

- Optimaler Strahlradius σ0 und Koppeleffizienzen für 1 mit
∆Φ = 180° [gesamt eingekoppelt, Modenreinheit von LP11]:
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Freiraumpropagationsdistanz
- 2 ähnlich; jedoch Einbruch der Koppeleffizienz stärker.
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- Mit ∆Φ = 180° 100% Modenreinheit für alle ζ möglich;
Koppeleffizienz potentiell klein.

- In Experiment ζ < 50µm, sodass Einfluss vernachlässigbar.

- Nicht vergleichbar mit Freiraumexperimenten!
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Transversale Dejustage des Eingangsstrahls
- Modale Kopplungseffizienzen für 0 abhängig von der
Verschiebung von E0 [numerisch und experimentell]

LP01

-20 0 20

-20

0

20

LP02

-20 0 20

-20

0

20

LP11

-20 0 20

-20

0

20

LP21

 

 

-20 0 20

-20

0

20 0

0.5

1

LP01

-20 0 20

-20

0

20

LP02

-20 0 20

-20

0

20

LP11

-20 0 20

-20

0

20

LP21

 

 

-20 0 20

-20

0

20
0
0.2
0.4
0.6
0.8

- 16 / 21 - 03.12.2014



Motivation Grundlagen Experimente Vergleich Zusammenfassung

Transversale Dejustage des Eingangsstrahls
- Modale Kopplungseffizienzen für 0 abhängig von der
Verschiebung von E0 [numerisch und experimentell]

LP01

-20 0 20

-20

0

20

LP02

-20 0 20

-20

0

20

LP11

-20 0 20

-20

0

20

LP21

 

 

-20 0 20

-20

0

20 0

0.5

1

Keine Modenfelder, sondern modal eingekoppelte
Intensität über Verschiebung des Eingangsstrahls!

LP01

-20 0 20

-20

0

20

LP02

-20 0 20

-20

0

20

LP11

-20 0 20

-20

0

20

LP21

 

 

-20 0 20

-20

0

20
0
0.2
0.4
0.6
0.8

- 16 / 21 - 03.12.2014



Motivation Grundlagen Experimente Vergleich Zusammenfassung

Transversale Dejustage des Eingangsstrahls
- Modale Kopplungseffizienzen für 0 abhängig von der
Verschiebung von E0 [numerisch und experimentell]

LP01

-20 0 20

-20

0

20

LP02

-20 0 20

-20

0

20

LP11

-20 0 20

-20

0

20

LP21

 

 

-20 0 20

-20

0

20 0

0.5

1

LP01

-20 0 20

-20

0

20

LP02

-20 0 20

-20

0

20

LP11

-20 0 20

-20

0

20

LP21

 

 

-20 0 20

-20

0

20
0
0.2
0.4
0.6
0.8

- 16 / 21 - 03.12.2014



Motivation Grundlagen Experimente Vergleich Zusammenfassung

Transversale Dejustage des Eingangsstrahls
- Modale Kopplungseffizienzen für 1 abhängig von der
Verschiebung von E0 [numerisch und experimentell]
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Transversale Dejustage des Eingangsstrahls
- Modale Kopplungseffizienzen für 2 abhängig von der
Verschiebung von E0 [numerisch und experimentell]
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Transversale Dejustage des Eingangsstrahls
- Modale Kopplungseffizienzen für 2 abhängig von der
Verschiebung von E0 [numerisch und experimentell]
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Transversale Dejustage des Eingangsstrahls
- Experimentell beste modale Reinheiten und numerische
Rekonstruktionen für 0 , 1 und 2 :
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Freiraumphasenplatten
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Vergleich mit Freiraumphasenplatten

- Mindestens doppelt so sensitiv auf die Verschiebung des
Eingangsstrahls.

- Einkoppeleffizienz: numerisch simuliert
monolithisch experimentell
Freiraumphasenplatte exp.
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Zusammenfassung

- Selektive Anregung höherer Moden experimentell gezeigt.
- Experimentell gute Übereinstimmungen mit Simulationen.
- Effizienz höher als mit Freiraumphasenplatten.

Ausblick

- Phasenhub ∆Φ optimieren.
- Phasenplatte fixieren.
- Zusätzliche Parameter untersuchen.

[z.B.: Phasenplattenverschiebung, Eingangsstrahlsverkippung, . . . ]

- Für Sensor außerdem Einflüsse von der Messgröße.
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- Effizienz höher als mit Freiraumphasenplatten.

Ausblick
- Phasenhub ∆Φ optimieren.
- Phasenplatte fixieren.
- Zusätzliche Parameter untersuchen.

[z.B.: Phasenplattenverschiebung, Eingangsstrahlsverkippung, . . . ]

- Für Sensor außerdem Einflüsse von der Messgröße.
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Vielen Dank für die
Aufmerksamkeit.



Anhang



Monolithischer Aufbau



Monolithischer Aufbau Freiraumphasenplatten Phasenhub Korrelationsfilter Literatur

Eigenschaften des monolithischen Aufbaus
Im Vergleich mit Freiraumphasenplatten, SLM, . . .

+ Effizienter.
+ Einmal justiert, konstant.
+ Minimaler Platzbedarf.

- Einmal justiert, nicht mehr veränderbar.
- Faser und Phasenplatte nur als Verbund austauschbar.
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Freiraumphasenplatten
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Freiraumphasenplattenmessungen - 1

LP01

-20 0 20

-20

0

20

LP02

-20 0 20

-20

0

20

LP11

-20 0 20

-20

0

20

LP21

 

 

-20 0 20

-20

0

20 0

0.2

0.4

0.6

LP01

-20 0 20

-20

0

20

LP02

-20 0 20

-20

0

20

LP11

-20 0 20

-20

0

20

LP21

 

 

-20 0 20

-20

0

20
0
0.2
0.4
0.6
0.8

- iii / ix - 03.12.2014



Monolithischer Aufbau Freiraumphasenplatten Phasenhub Korrelationsfilter Literatur

Freiraumphasenplattenmessungen - 2
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Phasenhub
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Phasenhub
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Korrelationsfilter
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Korrelationsfiltermethode

- Transmissionsfunktion [Kaiser, Diplomarbeit, FSU Jena, 2008]

T(ξ⃗) = ∑
l,m,p

E p ∗
lm ei ν⃗

p
lm ξ⃗ + ∑

l, m, p
(l, m, p) ≠ (f , g, h)

1
√

2
[E h ∗

fg +E
p ∗

lm ] ei ν⃗
′ p

lm ξ⃗

+ ∑

l, m, p
(l, m, p) ≠ (f , g, h)

1
√

2
[E h ∗

fg + iE
p ∗

lm ] ei ν⃗
′′ p

lm ξ⃗ ,

- Korrelationsfilter als Amplitudenhologramm.
[Rockstuhl, Diplomarbeit, FSU Jena, 2001]
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Korrelationsfiltermethode

- Man erhält folgende Intensitäten:

ν⃗ p
lm ∶ I p

lm = ∣c h
fg ∣

2
= ρ p

lm
2
,

ν⃗ ′ plm ∶ I ′ plm =
1
2 ∣c

h
fg + c

p
lm ∣

2
=

1
2[ρ

h
fg

2
+ ρ p

lm
2
+

2ρ h
fg ρ

p
lm cos(φ h

fg − φ
p
lm)] ,

ν⃗ ′′ plm ∶ I ′′ plm =
1
2 ∣c

h
fg + i c

p
lm ∣

2
=

1
2[ρ

h
fg

2
+ ρ p

lm
2
+

2ρ h
fg ρ

p
lm sin(φ h

fg − φ
p
lm)] .

- Für kohärentes Licht ist somit auch die Phasen bestimmbar.
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