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Abstract 
The objective of this thesis was to develop applications of monolithic 
fiber devices and actively controlled fibers. A special twin-core fiber 
known as a ‘Gemini’ fiber was used to construct equal arm-length fiber 
interferometers, impervious to temperature and mechanical perturbations. 
A broadband add/drop multiplexer was constructed by inscribing fiber 
Bragg gratings in the arms of a Gemini Mach-Zehnder interferometer. A 
broadband interferometric nanosecond switch was constructed from a 
micro-structured Gemini fiber with incorporated metal electrodes. 
Additionally, a Michelson fiber interferometer was built from an 
asymmetric twin-core fiber and used as a high-temperature sensor. While 
the device could be readily used to measure temperatures below 300 °C, 
an annealing process was required to extend the range up to 700 °C. The 
work included development, construction and evaluation of the 
components along with numerical simulations to estimate their behaviors 
and to understand the underlying processes. The thesis also explored the 
use of electrically controlled fibers for filtering in the microwave domain. 
An ultra-narrow phase-shifted fiber Bragg grating inscribed in a fiber 
with internal electrodes was used as a scanning filter to measure 
modulation frequencies applied to an optical carrier. A similar grating 
was used inside a dual-wavelength fiber laser cavity, to generated tunable 
microwave beat frequencies. The studied monolithic fiber interferometers 
and actively controlled fibers provide excellent building blocks in such 
varied field as in microwave photonics, telecommunications, sensors, and 
high-speed switching, and will allow for further applications in the future. 
 
Keywords: Fiber, fiber Bragg grating, micro-structured fiber, add/drop 
multiplexer, fiber interferometer, microwave photonics, temperature 
sensor
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Sammanfattning 
Syftet med denna avhandling var att utveckla tillämpningar av 
monolitiska fiber komponenter samt aktivt kontrollerbara fiber. En 
speciell tvillingkärnefiber, även kallad ’Geminifiber’ användes för att 
konstruera fiber interferometrar med identisk armlängd som ej påverkas 
av termiska och mekaniska variationer. En bredbanding 
utbytarmultiplexor konstruerades genom att skriva in fiber Bragg gitter 
inuti grenarna på en Gemini Mach-Zehnder interferometer. Geminifibrer 
med interna metallelektroder användes för att konstruera en bredbandig 
nanosekundsnabb interferometrisk fiberomkopplare. Därtill användes en 
tvillingkärnefiber som en hög-temperatursensor. Även om komponenten 
direkt kan användas upp till 300 °C, måste den värmebehandlas för att 
kunna användas upp till 700 °C. Arbetet har innefattat utveckling, 
konstruktion och utvärdering av komponenterna parallellt med numeriska 
simuleringar för att analysera deras beteenden samt få insikt om de 
underliggande fysikaliska processerna. Avhandlingen behandlar även 
tillämpningar av en elektriskt styrbar fiber för att filtrera radiofrekvenser. 
Ett ultrasmalt fasskiftat fiber Bragg gitter skrevs in i en fiber med interna 
elektroder och användes som ett svepande filter för att mäta 
modulationsfrekvensen på en optisk bärfrekvens. Ett liknande gitter 
användes inuti en laserkavitet för att generera två olika våglängder 
samtidigt. Dessa två våglängder användes sedan för att generera en 
svävningsfrekvens i mikrovågsbandet. De undersökta monolitiska 
fiberinterferometrarna och de aktivt styrbara fibrerna erbjuder en utmärkt 
byggsten inom så pass skiljda områden som Mikrovågsfotonik, 
Telekommunikation, Sensorer samt Höghastighets-omkopplare och bör 
kunna användas inom många olika tillämpningar i framtiden. 
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Chapter 1.  
 
Introduction 

 

1.1. Background 
Fiber optical components are widely used in fields as disparate as 
telecommunication [1], industrial manufacturing [2], mechanical stress 
measurements [3], pressure sensing [4], microwave signal processing [5], 
optical gyroscopes [6], surgical instruments [7], and temperature 
measurements [8] to name a few, all relying on the unique properties of 
optical fibers. 

These include low transmission loss, small size and weight of the 
fibers, insensitivity to electromagnetic fields and other harsh 
environments, as well as the ability to manipulate the light in a way to 
acquire information about the surrounding environment or the history of 
the light. The development of the optical fiber began as a parlor trick in 
the nineteenth century [9] followed by applications in medical imaging 
and microscopy. The long-distance transmission through optical fibers 
were made possible following the predictions made by Kao in his 1966 
paper [10] which awarded him the Nobel prize in 2009. He showed that if 
the fibers were made sufficiently clean and free from impurities, the 
transmission losses of the fiber would be low enough to be of practical 
use. In parallel the development of the laser, first demonstrated in 1960 
by Maiman [11], enabled transmitting coherent light through the fiber, 
which is essential for high bit-rate transmission. The invention of the 
erbium doped fiber amplifier (EDFA) in 1987 [12] spurred on the 
development of the fibers as the amplifiers gain region coincides with the 
transmission loss minimum of the standard silica fiber. This significantly 
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reduces the system cost, as the signal amplification can be performed 
simultaneously on multiple channels inside the fiber, without the need to 
detect, amplify, and retransmit the signal every few tens of kilometers.  

As the standard optical fiber and the various components were 
developed and perfected, some resources could be used to develop more 
exotic applications for the fibers, some of which has become 
commonplace today while others still remain as mere research project for 
now. For instance, high power laser delivery systems are widely used in 
industrial manufacturing and fiber Bragg gratings are used e.g. as stress 
sensors in air planes. 

 

1.2. Object of this thesis 
The object of this thesis is to design, develop, characterize, and evaluate 
specialty fiber optic components based on monolithic fiber 
interferometers and actively controlled fibers. The work in the thesis is a 
continuation of the prior work performed at Acreo involving electrically 
controlled fibers and monolithic fiber interferometers. The introductory 
theoretical description gives an overview over the tools required to 
evaluate the processes involved. 

 

1.3. Outline of this thesis 
This thesis is based on the original peer-reviewed publications of paper I 
to paper V, which are reproduced in Part II. Chapter 2 gives an 
introduction optical fibers and their theoretical description, in particular 
specialty optical fibers and some of the components which can be made. 
Chapter 3 is based on papers I and III which describes two different 
microwave photonic applications of electrically tunable fiber Bragg 
gratings for measuring and generating microwave frequencies. Chapter 4 
is based on paper II which describes the use of twin-core fibers as high 
temperature sensors. Chapter 5 is based on papers IV and V describing 
monolithic fiber interferometers for add/drop multiplexing and 
nanosecond switching utilizing Gemini fibers. 
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Chapter 2.  
 
Theoretical description 

This chapter briefly describes some of the phenomena that occur in 
optical fibers. 

As in all optics, the wave propagation is governed by Maxwell’s 
equations: 
 

 �

𝛻 × 𝑬 = −
𝜕𝑩
𝜕𝑡

𝛻 × 𝑯 = 𝑱 +
𝜕𝑫
𝜕𝑡

𝛻 ∙ 𝑫 = 𝜌
𝛻 ∙ 𝑩 = 0 ⎭

⎪
⎬

⎪
⎫

, (2.1) 

 
where 𝑬 is the electric field, 𝑩 = 𝜇𝜢 is the magnetic field, 𝑱 = 𝜎𝑬 is the 
current density with 𝜎 as the conductivity, 𝑫 = 𝜀0𝑬 + 𝑷 is the 
displacement field, 𝑷 = 𝜀0𝜒𝑬 is the polarization, and 𝜌 is the charge 
density. 𝜇, 𝜀, and 𝜒 are the magnetic permeability, dielectric permittivity, 
and the susceptibility respectively and depends on which medium the 
electromagnetic wave is propagating through. If we assume a loss-less 
medium, the current and charge density will be zero, i.e. 𝑱 = 0 and 𝜌 =
0. By taking the curl of the first constituent equation we obtain: 
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 �

𝛻 × 𝛻 × 𝑬 ≡ 𝛻(𝛻 ∙ 𝑬) − 𝛻2𝑬

= −𝛻 ×
𝜕𝑩
𝜕𝑡

= −𝜇
𝜕
𝜕𝑡 𝛻 × 𝑯

= −𝜇𝜀
𝜕2

𝜕𝑡2 𝑬 ⎭
⎪⎪
⎬

⎪⎪
⎫

, (2.2) 

 
where 𝜀 = 𝜀0(1 + 𝜒). Since 𝜌 = 0, we have 𝛻 ∙ 𝑬 = 0 and the equation 
becomes: 
 

 �𝛻2 − 𝜇𝜀
𝜕2

𝜕𝑡2� 𝑬 = 0, (2.3) 

 
which describes independent equations for 𝐸𝑥, 𝐸𝑦, and 𝐸𝑧. If we assume 
an isotropic medium and only propagation in the z-direction, the solutions 
to the differential equation becomes: 
 
 𝑬 = 𝑬(𝑥, 𝑦)𝑒𝑗(𝜔𝑡−𝛽𝑧), (2.4) 
 
where 𝛽 = 𝜔√𝜇𝜀 = 𝜔

𝑐
= 2𝜋

𝜆
= 2𝜋𝑛

𝜆0
 is the propagation constant, 𝜔 is the 

optical frequency, 𝑐 is the speed of light, and 𝑛 is the refractive index of 
the medium. 𝜆0 and 𝜆 are the optical wavelengths in vacuum and in the 
medium respectively. 
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2.1. Wave propagation in fibers 
The following theoretical description on the wave propagation in fibers is 
included for completeness, so that the reader can find in the thesis the 
derivations relevant to this work. We follow closely the text from ref. 
[13] and [14] and the reader is referred to these references for a complete 
mathematical treatment. 

In fibers, the wave propagation is confined to the core due to the 
small dimensions involved. The most common guiding mechanism in 
fibers is that of total internal reflection (TIR). If light is impinging on an 
interface between two regions with different refractive indices (e.g. 
glass/air interface or between two different kinds of glasses), Snell’s law 
of refraction dictates that: 
 
 𝑛1 𝑠𝑖𝑛(𝜃1) = 𝑛2 𝑠𝑖𝑛(𝜃2), (2.5) 
 
where 𝑛1 and 𝑛2 are the refractive indices of the first and second 
material, 𝜃1 and 𝜃2 are the incident and transmitted angle respectively as 
seen in Fig. 2.1.1, and 𝜃𝑟 = 𝜃1 is the reflection angle. If 𝑛1 > 𝑛2, total 
internal reflection will occur when: 
 

 𝜃1 > 𝜃𝑐 = 𝑠𝑖𝑛−1 �
𝑛2
𝑛1
�, (2.6) 

 
as 𝜃2 would become larger than 90°.  
 

 

Fig. 2.1.1. Schematic of propagation along a waveguide. Total internal 
reflection occurs when 𝜃𝑖 > sin−1(𝑛2 𝑛1⁄ ) . 

 

7 



 
 
In a fiber, the core typically has slightly higher refractive index than the 
surrounding cladding, which confines the electromagnetic field to the 
core. To begin with, for simplicity, we only consider a two-dimensional 
waveguide with a transverse extension in the 𝑥-direction, where the 
central core region has a refractive index of 𝑛1, surrounded by a cladding 
region with refractive index 𝑛2 so that 𝑛1 > 𝑛2. If the difference is small 
we can approximate this difference as: 
 

 𝛥 =
𝑛12 − 𝑛22

2𝑛12
≈
𝑛1 − 𝑛2
𝑛1

. (2.7) 

 
The propagation constant for the core is described by 𝑘1 = 𝑛1𝑘0, where 
𝑘0 is the vacuum propagation constant. Similarly, the propagation 
constant for the cladding is described by 𝑘2 = 𝑛2𝑘0. In a standard fiber, 
the core diameter typically is comparable in size to the wavelength and 
the mode will spread out from the core into the cladding. Thus the optical 
propagation constant of a guided mode will be 𝑛2𝑘0 < 𝛽 < 𝑛1𝑘0. The 
wave vector for light propagating in the fiber along the 𝑧-direction in the 
two regions can be written as: 
 
 𝑲𝒊 = 𝜅𝑖𝒆𝒙 + 𝛽𝒆𝒛, (2.8) 
 
where 𝑖 = 1,2 refers to the core or the cladding. In each region we have: 
 

 
𝜅𝑖2 + 𝛽2 = 𝑛𝑖2𝑘02,
𝜅𝑖 = 𝑛𝑖𝑘0𝑐𝑜𝑠𝜃𝑖 ,
𝛽 = 𝑛𝑖𝑘0𝑠𝑖𝑛𝜃𝑖 ,

 (2.9) 

 
where 𝜅𝑖 and 𝛽 can be considered as the transverse and forward 
propagation constant, even through the guided mode only propagates in 
the 𝑧-direction. Since the tangential components of the electric field need 
to be continuous in the interface between the regions, 𝛽 will be the same 
across both regions. In the core region, the electrical field will be: 
 
 𝐸1~ 𝑒𝑥𝑝(∓𝑗𝜅1𝑥) 𝑒𝑥𝑝(−𝑗𝛽𝑧), (2.10) 
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where “− “ in the “∓” sign, denotes the upward propagation and “+” the 
downward propagation along the 𝑥-direction. Light propagating in the 𝑥-
direction will reflect off the interface between the core and the cladding 
according to Snell’s law (eq. (2.5)). At the critical angle (𝜃1 = 𝜃𝑐), the 
transmitted light into the cladding will point parallel to the interface along 
the 𝑧-direction (𝜃2 → 90°). This means that 𝜅2 = 0 and 𝑲2 = 𝛽𝒆𝑧 =
𝑛2𝑘0𝒆𝑧. If 𝜃1 > 𝜃𝑐, light will propagate along the waveguide in the 𝑧-
direction, bouncing back and forth between the interfaces in the 𝑥-
direction, with propagation constant 𝛽 > 𝑛2𝑘0 due to the higher 
refractive index of the core. According to eq. (2.9), the transverse 
propagation constant in the cladding will be: 
 

 𝜅2 = �𝑛22𝑘02 − 𝛽2, (2.11) 

 
which will be imaginary for any core-guided mode since 𝛽 > 𝑛2𝑘0. This 
corresponds to the evanescent field and we can write 𝜅2 → −𝑗𝛾2 with the 
decay constant 𝛾2 as a real number so that: 
 

 𝛾2 = 𝑗𝜅2 = �𝛽2 − 𝑛22𝑘02. (2.12) 

 
The evanescent field in the cladding can be written as: 
 
 𝐸2~ 𝑒𝑥𝑝(∓𝛾2𝑥) 𝑒𝑥𝑝(−𝑗𝛽𝑧). (2.13) 
 
Upward propagating waves that are in phase after traversing the core one 
round-trip in the 𝑥-direction, including the phase-shifts incurred by the 
reflections on the interfaces determined by the Fresnel equations [15], 
will form standing waves along the 𝑥-direction in the core region and 
exponentially decay in the cladding. This resonance condition determines 
the values for 𝛽 and 𝛾, and dictates which different guided modes can 
propagate along the 𝑧-direction of the waveguide. For a 2-dimensional 
waveguide with loss-less reflections, the resonance condition will be: 
 
 −𝜅1𝑥1 + 𝜅1𝑥2 = 2𝑚𝜋, (2.14) 
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where 𝑥1 = 0, 𝑥2 = 2𝑑, 𝑚 = 1,2, … is the mode order, and 𝑑 is the 
waveguide thickness. At the critical angle, this gives: 
 

 

2𝑑𝑛1𝑘0𝑐𝑜𝑠𝜃𝑐 = 2𝑚𝜋,

𝑑𝑛1𝜔𝑐�1 − �𝑛2𝑛1
�
2

𝑐 = 𝑚𝜋,

𝑑𝑛1𝜔𝑐√2𝛥
𝑐 = 𝑚𝜋,

𝜔𝑐 =
𝑐𝑚𝜋

𝑑𝑛1√2𝛥
,

𝜆𝑐 =
2𝑑𝑛1√2𝛥

𝑚 ,

 (2.15) 

where we have used the trigonometric identity cos(𝑠𝑖𝑛−1(𝑥)) = √1 − 𝑥2 
and the definition of eq. (2.7). 

If 𝜃1 ≤ 𝜃𝑐, 𝜅2 will be real and 𝛽 ≤ 𝑛2𝑘0, and the mode is no 
longer guided. The condition in eq. (2.15) sets a limit to the minimum 
frequency, or the maximum wavelength, that can be guided in a specific 
mode. Typically, in fibers, the cutoff wavelength is used to determine at 
which wavelengths the fiber can only support the fundamental mode, in a 
so called single-mode fiber. Schematically, the fundamental mode can be 
considered as the light propagating straight within the core without 
bouncing back and forth between the edges. The higher order modes will 
form standing wave patterns with local maxima and minima depending 
on the order of the mode. 

However, a fiber is not a 2-dimensional waveguide but of course a 
3-dimensional structure, typically with a cylindrical symmetry. The wave 
equation is still the same as in eq. (2.3), but the solutions will be slightly 
different. If we assume that the fiber core, with radius 𝑎 and refractive 
index 𝑛1 is surrounded by a cladding with the refractive index 𝑛2, the 𝑧- 
component of the electric field will be (c.f. Appendix A for derivations): 
 

 
𝐸𝑧 = 𝐴𝐽𝑞 �

𝑢𝑟
𝑎 � 𝑠𝑖𝑛

(𝑞𝜑) 𝑒𝑗(𝜔𝑡−𝛽𝑧) 𝑟 ≤ 𝑎,

𝐸𝑧 = 𝐶𝐾𝑞 �
𝑤𝑟
𝑎 � 𝑠𝑖𝑛

(𝑞𝜑) 𝑒𝑗(𝜔𝑡−𝛽𝑧) 𝑟 ≥ 𝑎,
 (2.16) 
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where 𝐴 and 𝐶 are constants, 𝐽𝑞(𝑥) and 𝐾𝑞(𝑥) are the 𝑞-th order Bessel 
function of the first kind and modified Bessel function of the second kind, 
𝑞 is the azimuthal mode order, and 
 

 
𝑢 = 𝛽𝑡1𝑎 = 𝑎(𝑛12𝑘02 − 𝛽2)1/2,
𝑤 = |𝛽𝑡2|𝑎 = 𝑎(𝛽2 − 𝑛22𝑘02)1/2,

 (2.17) 

 
are the normalized transverse propagation and decay constants 
respectively. The remaining electric and magnetic fields 𝐸𝑟 ,𝐸𝜑 ,𝐻𝑟 ,𝐻𝜑, 
and 𝐻𝑧 can be derived from Maxwell’s equations. By equating all field 
components and requiring that all fields are continuous at the interface 
(𝑟 = 𝑎), while using the ‘weak guidance approximation’; that the core 
and cladding refractive indices are almost the same, the following 
eigenvalue condition is obtained: 
 

 𝑢
𝐽𝑙−1(𝑢)
𝐽𝑙(𝑢) = −𝑤

𝐾𝑙−1(𝑤)
𝐾𝑙(𝑤) , (2.18) 

 
where the parameter 𝑙 is defined by: 
 

 𝑙 =
1 𝑓𝑜𝑟 𝑇𝐸0𝑚 𝑜𝑟 𝑇𝑀0𝑚,

𝑞 + 1 𝑓𝑜𝑟 𝐸𝐻𝑞𝑚,
𝑞 − 1 𝑓𝑜𝑟 𝐻𝐸𝑞𝑚.

 (2.19) 

 
TE0m and TM0m refers to the transverse electric and transverse magnetic 
fields which have 𝐸𝑧 = 0 and 𝐻𝑧 = 0 respectively, by definition. The 
terms EHqm and HEqm refers to waves which has a non-zero 𝐸𝑧 or 𝐻𝑧 
component respectively. Physically these are represented by skew rays 
which may or may not cross the center of the core.  

A convenient parameter is the normalized frequency, also known 
as the 𝑉-number which is defined as: 
 
 𝑉 = (𝑢2 + 𝑤2)1/2 = 𝑎𝑘0(𝑛12 − 𝑛22)1/2 = 𝑛1𝑎𝑘0√2𝛥, (2.20) 
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which relates the propagation and decay constants with the waveguide 
parameters. By examining the condition in eq. (2.18) at cutoff, where 
𝛽 → 𝑛2𝑘0 and thus 𝑤 → 0, the condition simplifies to: 
 

 
𝑉𝐽𝑙−1(𝑉)
𝐽𝑙(𝑉) = 0. (2.21) 

 
To find the cutoff condition, the minimum value of the V-number which 
solves this equation needs to be determined. Intuitively, the fundamental 
mode would be expected to be the 𝑇𝐸01 and the 𝑇𝑀01, however, by 
examining the cutoff condition for these two modes we see that we have: 
 

 
𝑉𝐽0(𝑉)
𝐽1(𝑉) = 0, (2.22) 

 
Since 𝐽1(0) = 0 and 𝐽0(0) ≠ 0, we need to evaluate the condition as 
𝑉 → 0 using L’Hopital’s rule to avoid division by zero: 
 

 
𝑙𝑖𝑚
𝑉→0 

𝑉𝐽0(𝑉)
𝐽1(𝑉) = 𝑙𝑖𝑚

𝑉→0 

𝐽0(𝑉) + 𝑉𝐽0′(𝑉)
𝐽1′(𝑉)

= 𝑙𝑖𝑚
𝑉→0 

2
𝐽0(𝑉) + 𝑉𝐽1(𝑉)
𝐽0(𝑉)− 𝐽2(𝑉) = 2 ,

 (2.23) 

 
As the limit of 𝑉 → 0 does not solve eq. (2.22), the lowest solution will 
be at the first zero of the Bessel function at 𝑉 = 2.405.  

The 𝐻𝐸11 mode, also noted as 𝐿𝑃01 for linearly polarized mode, 
has the cutoff condition: 
 

 
𝑉𝐽1(𝑉)
𝐽0(𝑉) = 0. (2.24) 

 
As 𝐽0(0) ≠ 0, the lowest solution will be 𝑉 = 0, meaning that the 𝐿𝑃01 
mode is guided for all wavelengths. The next higher order mode 𝐿𝑃11 is 
composed of 𝑇𝐸01, 𝑇𝑀01, and 𝐻𝐸21 modes which all have a cutoff at the 
first zero for 𝐽0(𝑉). The higher order modes will have cutoff at even 
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higher 𝑉 numbers. Again, the cutoff frequency determines the lowest 
frequency, i.e. the longest wavelength that can propagate in a specific 
mode. As the fundamental mode has a cutoff frequency at zero, all 
wavelengths will be guided (if not attenuated) by the fiber. The cutoff 
frequency for the higher order modes will determine if the fiber is single-
mode at a given wavelength. Since the 𝑉 number depends on both the 
refractive index of the core and the cladding, as well as the size of the 
core, it is possible to tailor the fiber design to shift the cutoff wavelength 
to make the fiber single mode for shorter wavelengths. Typically, a single 
mode fiber for wavelengths around 1.5 µm requires 8-10 µm diameter 
cores, whereas wavelengths around 1 µm, the core needs to be ~6µm. 

The motivation to use single mode fibers is to avoid mode mixing. 
Generally, the propagation constant 𝛽 is different for different modes 
meaning that they propagate at slightly different speeds. If the modes are 
spatially overlapping, light can couple between them and distort the 
signal. If the fiber is used for high power laser applications, the beam 
quality is not always as important as the peak power, and larger 
multimode fiber cores are used to increase the power while reducing the 
intensity inside the fiber. 
 

2.1.1. Attenuation 

Light propagating in any medium will suffer from transmission losses 
that reduce the intensity through absorption and scattering. In free-space 
the light will also diverge, which increases the beam radius and further 
reduce the intensity. In optical fibers, the total internal reflection prevents 
divergence and allows the light to propagate with constant beam size. 
However, the light still suffer from attenuation loss. The most common 
fiber used today is the silica based fiber with germania doped core, which 
has an attenuation of 0.17 dB/km around wavelength 1.55 µm as seen in 
Fig. 2.1.2. The increased peaks at 0.95, 1.24, and 1.39 µm correspond to 
the OH vibrational absorption peaks. If the fiber is manufactured in a 
proper way, the OH content can be removed from the fiber and this 
excess loss can be reduced. 
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Fig. 2.1.2. Transmission loss of 2.2 km single mode fiber [16]. 

 
Another cause for losses in fibers is the bending loss. Even if the 
fundamental mode can propagate with very low loss, the light may couple 
into higher order modes by bending the fiber. These higher order modes 
can be strongly attenuated. This bend-induced coupling is typically 
exacerbated by smaller bend radii, and too small fiber bends should be 
avoided. 

A further main source of loss in fiber optic systems is the splice 
losses between various components. As the splice region between two 
fibers inevitably acts as a perturbation of the waveguide, some light may 
get scattered or coupled to higher order modes. This is especially 
exacerbated if the cores of the two fibers are misaligned or differ in size, 
resulting in a significant mode-field mismatch. A fiber splice between 
two sections of standard optical fiber typically incurs a loss of less than 
0.1 dB corresponding to ~2% loss. Optimized splice processes can reduce 
this loss to less than 0.01 dB or ~0.5% loss. An additional source of 
optical loss in fiber optic systems stem from the fact than surprisingly 
many fiber optic components are based on micro-machined free-space or 
planar waveguide optics. For instance isolators [17], circulators [18], and 
phase modulators [19] are typically made using small free-space optics. 
The coupling between fibers and free-space optics will always involve 
some degree of mode-field mismatch and thus induce excess loss. 

Apart from the transmission, splice, and coupling losses there may 
also be some, so called polarization dependent loss (PDL). As with 
birefringence, where different polarization states can propagate at 
different speeds, the losses for the different polarizations can differ. This 
is especially true for polarizers where one of the polarization states is 

14 



 
 
selectively removed e.g. by absorption, whereas the other polarization 
state is transmitted. Both polarizations typically experience an excess 
loss, and the PDL determines the difference in excess loss between the 
two polarization states. 

 

2.1.2. Dispersion 

According to Kramer-Kronig’s relation [20], the refractive index is 
related to the optical absorption through: 
 

 𝑛(𝜔) = 1 +
𝑐
𝜋𝒫�

𝛼(𝛺)
𝛺2 − 𝜔2 𝑑𝛺

∞

0
, (2.25) 

 
where 𝑐 is the speed of light, 𝒫 denotes the Cauchy principle value, and 
𝛼 is the absorption coefficient. Since the complex part of the refractive 
index determines the absorption, which is wavelength dependent, it is 
easy to see that the real part of the refractive index also depends on the 
wavelength. In the vicinity of absorption peaks caused by e.g. molecular 
resonances, the refractive index changes very rapidly and can even 
become negative, but further away from the absorption peaks, the 
variations are less pronounced. A formula describing an approximation to 
the wavelength-dependent refractive index is the Sellmeier’s equation 
[21]: 
 

 𝑛2(𝜆) = 1 + �
𝐵𝑖𝜆2

𝜆2 − 𝐶𝑖𝑖
, (2.26) 

 
where each term corresponds to an absorption resonance at wavelength 
�𝐶𝑖 with strength 𝐵𝑖 which are determined experimentally.  

Since the propagation speed in a medium is determined by the real 
part of the refractive index, this wavelength dependence implies that 
different wavelengths travel at different speeds. Thus if two signals at 
different wavelengths are launched into the fiber simultaneously, one of 
the signals would arrive before the other. The chromatic dispersion in a 
fiber is given by: 
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 𝐷(𝜆) =
𝑑
𝑑𝜆 �

1
𝑣𝑔
�, (2.27) 

 
where 𝑣𝑔(𝜆) is the group velocity in the fiber. The value of the dispersion 
in standard fiber is ~17 𝑝𝑠 𝑛𝑚 × 𝑘𝑚⁄  around 1550 nm. However, this 
factor is not solely dependent on the material properties of the fiber. As 
the light is confined to the core, which has higher refractive index than 
the surrounding cladding, and the mode extends further out into the 
cladding for longer wavelengths, different wavelengths will experience 
different fractions of the core and cladding refractive indices and thus 
have different propagation speeds. 
 

2.1.3. Dispersion compensating fibers 

The chromatic dispersion is a relation of the differential delay introduced 
for different wavelengths. In standard fibers, operating around 1.5 µm, 
longer wavelengths travel slightly faster than shorter wavelengths. As this 
is a monotonic function of wavelength, there will be some point where 
the dispersion is zero. In standard fibers, this is typically designed to be at 
~1.3 µm, below which shorter wavelengths travel faster than longer 
wavelengths.  

If the fiber is designed with a depressed cladding as seen in Fig. 
2.1.3, where the germania core is surrounded by a fluoride doped ring, 
the waveguide dispersion will be negative at 1.5 µm [22]. As longer 
wavelengths extends further out into the outer cladding than do shorter 
wavelengths, the effective refractive index is increased with wavelength 
in the range around 1.5 µm. 
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Fig. 2.1.3. Illustration of depressed cladding. The central core is 
typically doped with germania, surrounded by a fluoride doped ring. 

 
By cascading a standard fiber with one with negative dispersion, the total 
accumulated dispersion can be cancelled. The same effect would be 
achieved if the fiber is designed so that the dispersion at the operating 
wavelength is zero. However, if this is done, multiple signals would 
propagate at the same speed which could lead to unwanted non-linear 
effects e.g. four wave mixing [23] due to the long interaction lengths.  
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2.2. Specialty optical fibers 
There are a number of standardized classes of fibers, defined by the 
United Nations International Telecommunication Union (ITU), for 
certain single- and multimode fibers, amplifiers, and dispersion 
compensating fibers to be used in telecommunication. Any fiber with a 
design differing from these standards, optimized for applications other 
than telecommunications, can be considered as a specialty fiber. In this 
section, we will only describe the specialty fibers used in the thesis; the 
multicore fiber used for interferometers and the micro-structured fiber 
used for actively controlling the wave propagation in the fiber. 
 

2.2.1. Fiber fabrication 

The most common type of optical fiber is the silica based (SiO2) fiber 
with germania doped (GeO2) core, which is the workhorse in optical 
communications, mainly due to its cost effectiveness and extremely low 
loss at the operating wavelength. The fibers are fabricated by first making 
a high purity macroscopic preform of the fiber using any of a number of 
techniques. The modified chemical vapor deposition (MCVD) technique 
[24] were used to produce all the fibers for this thesis. In this technique, 
high purity gas mixtures, containing the required fiber elements, is passed 
through a rotating silica tube, while a high temperature oxygen/hydrogen 
torch traverses the tube. When the gas mixture enters the heat zone, 
particles are deposited on the tube wall and thus build up the preform 
from the outside in. By changing the gas composition, various different 
dopants can be introduced such as germanium, erbium, ytterbium, 
fluoride or boron. The torch temperature is sufficiently high to sinter the 
deposited particles into glass and the tube hole collapses when the 
diameter is sufficiently reduced by particle deposition. The final preform 
is typically up to 1 meter in length and 2.5 cm in diameter and the cross-
section has the same proportions as the final fiber design. If the 
dimensions need to be altered, the outer diameter can be increased 
through overcladding by collapsing a cheap, lower purity silica tube on 
the outside of the preform or it can be decreased by lathing the preform. 
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Mechanical machining can also be performed on the preform, where 
holes are drilled axially through it. The holes can either be left open to 
allow for air-holes in the cladding, or filled with cylinders of doped glass 
to introduce stress rods or multiple cores. Naturally, great care needs to 
be taken to ensure that no additional contamination is introduced at this 
stage. 

When the preform is finished, with the correct dimensions and 
proper cladding structures, it is placed at the top of a drawing tower. A 
heat source, typically a graphite furnace in an inert atmosphere, heats the 
preform above the softening point. The tip of the preform begins to flow 
downwards due to gravity and a large drop is formed, followed by a thin 
strain of glass with the same proportions as the preform. By pressurizing 
any hole in the cladding using inert gas such as argon, the holes can be 
prevented from collapsing. When pulling on the thin glass wire with 
proper speed and accurate control of the furnace temperature, the fiber 
can be drawn to virtually any desired diameter (e.g. 50 µm – 3 mm). By 
measuring the size of the fiber during drawing, active feedback can be 
employed to maintain a constant diameter. A few meters down from the 
furnace, the glass has cooled sufficiently to solidify and a protective 
coating can be applied, which is cured using UV-light or additional heat. 
Typically, acrylate, polyimide or silicone coatings are used as protection 
[25]. At the bottom of the tower, the fiber is spooled onto a reel. As the 
diameter reduces from 2.5 cm to typically 125 µm, i.e. a factor of 200, 
the cross-section area reduces with a factor of 40.000 and thus the length 
of the fiber can be made 40.000 times longer than the preform. 
Manufacturers routinely make reels with up to 100 kilometers of a single 
fiber. This scaling is what makes the optical fiber cost effective as the 
price per meter decreases. However, any special fiber design, which 
requires development and optimization of the preform and drawing 
parameters will only yield small quantities, and will continue to be 
prohibitively expensive in many applications. 
 

2.2.2. Twin-core fiber 

In a standard fiber, the waveguiding core is centered in the cladding to a 
precision better than 1 µm [26]. However, it is possible to introduce 
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multiple waveguides in a single cladding. Twin-core fibers are typically 
made by preparing a D-shaped preforms by polishing a circular preform 
containing an off-axis core. The preform is then axially cut in half and the 
two pieces are placed against each other to form a circular structure. 
When the fiber is drawn, the two pieces melt together and form a single 
circular structure with two identical off-axis cores [27]. 

As an alternative, the twin-core fiber can be made with one 
centered core and one off-axis core, as this geometry simplifies input 
coupling from standard fibers. This process starts with a standard fiber 
preform which is axially cut into two equal preforms. The first section is 
lathed to extract the core doped with germania. The second section is 
drilled with a hole in the cladding, matching the diameter of the extracted 
core from the first section. This core is then inserted into the hole and 
when the fiber is drawn, the cladding collapses around the second core so 
that the fiber obtains two waveguides as seen in Fig. 2.2.1. Naturally, 
several more cores can be introduced in the same fashion but in our case 
only two waveguides are present. 

If the two cores are sufficiently close to each other, the 
waveguiding properties are significantly altered, as the electrical field 
extends out into the cladding and the evanescent field overlaps the second 
core. 
 

 

Fig. 2.2.1. Cross-section of twin-core fiber. The indentation of the 
cladding is to simplify rotational alignment without the use of 

microscopy. 

 
Since one of the cores is positioned in the center, it is straightforward to 
splice a standard fiber to the twin-core fiber with low insertion loss. After 
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the splice, light launched into the central core will couple back and forth 
between the two cores over the length of the fiber, as further described in 
section 2.7. 
 

2.2.3. The Gemini fiber 

A Gemini fiber is a novel fiber design developed by Acreo [28] and the 
fiber cross-section can be seen in Fig. 2.2.2. 
 

 

Fig. 2.2.2. Cross-section of Gemini fiber. 

 
The fiber is made by drawing two identical, adjacent preforms 
congruently into a single fiber. The result is a monolithic structure with 
two independent waveguides. The diameter of each waveguide is 
~125 µm and the core diameters are ~8 µm each. Since the core 
separation is still large (~125 µm), the light cannot couple from one core 
to the other. Given the dimensions of the Gemini fiber, it is 
straightforward to splice separate fibers to each core, obtaining 
independent access to both waveguides. Naturally, larger requirements on 
alignment during the splicing are imposed as both rotation and inter-fiber 
distance need to be controlled. In standard splices, the temperature is 
usually sufficiently high to melt the fibers and use the surface tension to 
enhance the alignment. However, if the same temperature would be used 
for the Gemini fiber, the surface tension would significantly distort the 
figure-of-eight cross-section as seen in Fig. 2.2.3. The fiber in Fig. 
2.2.3(a) is prepared by heating the Gemini fiber with a 1-mm wide 
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tungsten filament in a Vytran LDS 1250, using 160 W of electrical power 
during 2 seconds while the furnace is sweeping 1.2 mm back and forth 
along the fiber. The fibers in Fig. 2.2.3(b) and (c) are prepared using 170 
and 180 W of power during 5 seconds while the furnace is sweeping 0.48 
mm back and forth. Once the heating is completed, the fibers are cleaved 
using standard fiber cleavers, and etched in hydrofluoric acid for a few 
minutes to expose the cores. Since the germania-doped core has a slightly 
higher etching rate than the pure silica cladding, the indentations made in 
the cores can be imaged using a 10x phase-contrast microscope. 
 

 

Fig. 2.2.3. Cross-section of fused Gemini fiber for increased splice 
temperature. 

 
It can be noted that as the fibers are heated, the cross-section reduces to a 
circular one due to the surface tension. As this happens, the cores creep 
closer together and also becomes elliptical.  

One complication when drawing the Gemini fiber is the dimension 
control. For circular fibers, the diameter is measured in the transverse 𝑥- 
and 𝑦-direction shortly below the furnace to provide feedback for the 
drawing speed and furnace temperature. However, since the Gemini fiber 
has a figure-of-eight cross-section, the measurement of the width in 𝑥- 
and 𝑦-direction will depend on the rotation of the fiber. The target 
dimension of the Gemini fiber is 125 µm diameter of each branch so that 
the core separation is also 125 µm. If the two branches are positioned as 
in Fig. 2.2.2, the target width (𝑥-direction) and height (𝑦-direction) are 
250 µm and 125 µm respectively and if the fiber is rotated 90°, the 
measurements are reversed. At any intermediate angle the width and 
height will be 125 µ𝑚 < 𝑥,𝑦 < 250 µ𝑚, if the core separation is 
𝑑 = 125 µ𝑚. As the rotation varies independently of the variations of the 
dimensions, and thus the core separation, the feedback control is not as 
straightforward. However, it is possible to calculate the core separation 
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given the projection in the 𝑥- and 𝑦-direction, independently from the 
rotation using: 
 

 𝑑 = 𝑥 + 𝑦 − �2𝑥𝑦, (2.28) 

 
as described in Appendix B. Using the same formalism, the rotation angle 
can be calculated using: 
 

 
𝑐𝑜𝑠(𝜃) =

𝑥
𝑑 − 1,

𝑠𝑖𝑛(𝜃) =
𝑦
𝑑 − 1,

  (2.29) 

 
so that: 
 

 𝑡𝑎𝑛(𝜃) =
𝑥 − �2𝑥𝑦
𝑦 − �2𝑥𝑦

, (2.30) 

 
for angles 0° < 𝜃 < 90°. Unfortunately, this dimension control has not 
yet been implemented and thus the dimension of the Gemini fiber varies 
between 125-140 µm along the fiber, complicating low-loss splicing. 

By using a Vytran GPX-3400 glass processing unit with end-view 
and rotational capabilities, simultaneous low loss (~0.1 dB) splices for 
both waveguides are achieved for the sections of the fiber where the core 
separation is close to 125 µm. 
 

2.2.4. Micro-structured fibers 

Micro-structured fiber is a generic term describing any fiber design 
incorporating some form of modification to the core or cladding 
geometry. As the variations are numerous, with most extraneous to this 
thesis, the only micro-structured fibers to be discussed are the 2-hole, 4-
hole, and the 8-holed Gemini fiber (G2H8) as seen in Fig. 2.2.4. All three 
fibers are made using the same technique: by drilling macroscopic holes 
in the cladding of the preform and then drawing it into a fiber. During 

23 



 
 
drawing, the holes are pressurized to maintain their proportion to the fiber 
diameter and the result is a fiber with a number of air holes in the 
cladding. If the pressure is too low, the holes collapse, whereas if the 
pressure is too high, the holes expand and may rupture the heated fiber. If 
the pressure is optimized, the size and position of the holes are solely 
determined by the size and position of the drilled holes of the preform, 
which enables great flexibility in the design. The G2H8 is prepared in the 
same way as the 4-hole fiber but the preform is cut in half and the two 
pieces are drawn congruently, the same way as for the Gemini fiber. 
 

       

Fig. 2.2.4. Cross-section of micro-structured fibers (a) 2-hole fiber 
with asymmetric holes, (b) 4-hole fiber, (c) 8-hole Gemini fiber. 

 

2.2.5. Fibers with internal electrodes 

The holes in the fiber can be filled with various gases or liquids. Due to 
the small sizes, the capillary forces can suck liquid through the holes 
provided that both ends of the fiber are open and the surface tension of 
the liquid allows for wetting of the walls of the capillary. However, by 
using elevated pressure, fluids can be pushed into the fiber at a greater 
speed. Various metals can also be inserted into the holes, provided that 
the fibers are kept at a temperature above the melting point of the metal, 
but still below the softening point of the fiber. The metal we have used is 
a eutectic alloy of Bi-Sn which melts at 137 °C [29]. By placing the fiber 
tip in a crucible containing the alloy, inside a pressurized furnace while 
the other end is outside the heat zone, a desired length of fiber can be 
filled with metal. Typically, all available holes are filled simultaneously, 
but selective filling is possible if some of the holes are blocked. It is 
sufficient to only block the holes on the free end of the fiber, outside the 
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furnace as the air content of the holes prevents the metal from entering 
the holes. When the fiber cools down, the metal solidifies forming a solid 
metal column inside the holes at the end of the fiber. By cleaving the 
metal-filled fiber, the metal columns are adjusted to proper lengths. After 
this, the fiber is again placed inside the pressurized furnace, but this time 
without the crucible containing the alloy. The metal columns inside the 
holes are thus shifted along the fiber, leaving the end part free from 
metal. If the metal would be positioned all the way to the fiber tip, 
splicing would be very difficult as the metal would evaporate when 
heating the fiber tip. The result is a few centimeter long electrodes inside 
the cladding of the fiber.  

Mechanical side polishing of the fiber, using a rotating grinding 
wheel, allows access to the metal electrodes and electrical contacts are 
soldered in place. In order to be able to run a current through the 
electrode, both end need to be contacted. If needed, multiple electrodes 
inside the fiber cladding can be contacted by opening up several holes in 
the fiber and contact each electrode individually. When the wires have 
been contacted, the fiber is glued onto a metal substrate, typically copper 
or aluminum as both materials provide mechanical support and heat sink. 
To increase the heat dissipation, the fiber is covered with heat conductive 
paste. The effects of applying a current to the electrodes are described in 
section 2.3. The length of the electrodes are selected so that, when 
contacted, the resistance is close to 50 Ω to improve impedance matching 
to standard 50 Ω coaxial cables. For the hole diameters used, around 25-
30 µm, the length of the fibers need to be ~5-7 cm to obtain 50 Ω 
resistance. 
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2.3. Fiber tuning 
The wave propagation inside an optical fiber is typically very stable and 
insensitive to external perturbations. This is a highly valued property for 
signal transmission where high fidelity is required. However, sometimes 
it is desirable to modify the light inside the fiber, by changing the 
propagation properties of the fiber in a controlled manner. The change 
can be either plastic or elastic, meaning that it is either a permanent or a 
reversible alteration. Once the fiber is drawn, it is difficult to significantly 
change the geometry or the molecular composition of the fiber, but there 
are a few methods that can be used.  
 

2.3.1. Permanent changes 

It is possible to permanently change the fiber properties locally. The most 
straightforward way is to mechanically remove parts of the cladding, 
which exposes the evanescent field to the outside. However, there is a 
risk that the transmission loss of the fiber segment is increased due to 
external absorption of the evanescent field. Chemical etching using 40% 
hydrofluoric acid (HF), which removes approximately 1 µm/min of silica 
glass, can be used to thin out the cladding region. By employing some 
medium on the outside of the etched fiber, e.g. submerging the fiber into 
a liquid, the propagation properties can be modified. 

Another option is to use high temperatures to either increase or 
decrease the core radius. If the fiber is heated above the softening point 
while under tension, the fiber will elongate, reducing the dimension of the 
fiber (see section 2.5). If the fiber is instead heated sufficiently without 
any tension, diffusion of the core dopants increases the core radius. 
Moreover, as discussed further in chapter 4.1, high temperature heat 
treatments can release mechanical stresses which are introduced to the 
fiber during the fabrication. 

Permanent changes of the optical properties can also be achieved 
with the use of high energy or high intensity illumination of the fiber 
core. If UV-light is used, molecular bonds can be broken resulting in 
local color centers, which can absorbs light. Since the refractive index is 
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linked to the absorption through the Kramers-Kronig relation, this can 
increase the refractive index. This effect can be enhanced by loading the 
fiber with hydrogen prior to exposure (see section 2.6).  

If instead ultrashort optical pulses are used, the local intensity can 
be sufficient to induce a microscopic modification of the glass structure, 
which locally increases the refractive index. The pulses used are typically 
in the range of 100s of femtoseconds at the wavelength 1.064 nm. 
 

2.3.2. Stress tuning 

The propagation in optical fibers can be modified by changing the 
refractive index through the so called elasto-optic effect [30]. The relation 
between the shift in refractive index 𝛥𝑛𝑖 and the mechanical strain 𝜀𝑖 in 
different directions are given by: 
 

 

𝛥𝑛𝑥 = −
𝑛𝑥3

2 �𝑝11𝜀𝑥 + 𝑝12�𝜀𝑦 + 𝜀𝑧�� ,

𝛥𝑛𝑦 = −
𝑛𝑦3

2 �𝑝11𝜀𝑦 + 𝑝12(𝜀𝑥 + 𝜀𝑧)� ,

𝛥𝑛𝑧 = −
𝑛𝑧3

2 �𝑝11𝜀𝑧 + 𝑝12�𝜀𝑥 + 𝜀𝑦�� ,

 (2.31) 

 
where 𝑛𝑖 are the refractive indices for the different directions and 
𝑝11 = 0.121 and 𝑝12 = 0.270 are the empirical photo-elastic 
coefficients. Thus, any applied strain to the fiber will change the 
refractive index. There is also a relation between the mechanical stress 
and strain: 
 

 

𝜀𝑥 =
1
𝐸 �𝜎𝑥 − 𝜈�𝜎𝑦 + 𝜎𝑧��,

𝜀𝑦 =
1
𝐸 �𝜎𝑦 − 𝜈(𝜎𝑥 + 𝜎𝑧)�,

𝜀𝑧 =
1
𝐸 �𝜎𝑧 − 𝜈�𝜎𝑥 + 𝜎𝑦��,

 (2.32) 
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where 𝐸 = 71.7 GPa is the Young’s modulus and 𝜈 = 0.17 is the linear 
Poisson ratio of silica, which is valid for low levels of strain. This gives 
the relation: 
 

𝛥𝑛𝑥 = −
𝑛𝑥3

2𝐸 �
(𝑝11 − 2𝜈𝑝12)𝜎𝑥 + [(1 − 𝜈)𝑝12 − 𝜈𝑝11]�𝜎𝑦 + 𝜎𝑧�� ,

𝛥𝑛𝑦 = −
𝑛𝑦3

2𝐸 �
(𝑝11 − 2𝜈𝑝12)𝜎𝑦 + [(1− 𝜈)𝑝12 − 𝜈𝑝11][𝜎𝑥 + 𝜎𝑧]� ,

𝛥𝑛𝑧 = −
𝑛𝑧3

2𝐸 �
(𝑝11 − 2𝜈𝑝12)𝜎𝑧 + [(1− 𝜈)𝑝12 − 𝜈𝑝11]�𝜎𝑥 + 𝜎𝑦�� .

 (2.33) 

 
If we assume that we apply 1 N (~100 g) of pull tension in the positive 𝑧-
direction on a circular silica fiber with 125 µm diameter, the change in 
refractive index will be: 
 

 
𝛥𝑛𝑥 = −3.48 × 10−4,
𝛥𝑛𝑦 = −3.48 × 10−4,
𝛥𝑛𝑧 = −0.49 × 10−4,

 (2.34) 

 
assuming that the initial refractive index is 𝑛𝑥 = 𝑛𝑦 = 𝑛𝑧 = 1.444. The 
maximum tension that can be applied to the fiber depends on the presence 
of cracks on the fiber surface. Manufactured fibers are readily tested at 
1% tensile strain, corresponding to 𝜎𝑧 = 0.7 GPa or 𝐹 = 8.8 N of 
tension, using the same parameters as above. However, tensions up to 20 
times higher have been reported [31], although in vacuum and at liquid 
nitrogen temperatures (−196 °𝐶), where reduced presence and mobility 
of water prevents the growth of surface cracks on the fiber. 

If we instead apply a load in the transverse direction of the fiber, as 
seen in Fig. 2.3.1, the case will be a bit more complicated due to the 
cylindrical symmetry.  
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Fig. 2.3.1. Schematic of lateral load applied to a fiber in the negative y-
direction 

 
As this is typically done by pressing the fiber between two plates, the 
load will only be applied at a single point in the cross-section. The 
resulting stresses will be [32]: 
 

 
𝜎𝑥 =

𝐹
𝜋𝐿𝑑 ,

𝜎𝑦 = −
3𝐹
𝜋𝐿𝑑 ,

 (2.35) 

 
where 𝐹 is the applied load, 𝐿 is the length of fiber being pressed, and 𝑑 
is the diameter of the fiber. Thus the cylinder is compressed in the 𝑦-
direction while expanded in the 𝑥-direction. The resulting changes in 
refractive index for 1 N of force applied to 1 cm of fiber with 125 µm 
diameter will be: 
 

 
𝛥𝑛x = 3.11 × 10−6,
𝛥𝑛𝑦 = −0.62 × 10−6,
𝛥𝑛𝑧 = 2.18 × 10−6.

 (2.36) 

 
It can be noted that the change is much smaller than for the case with the 
force in the z-direction, but also that the sign for change in the 𝑥- and 𝑦-
direction are different. This means that light polarized in the 𝑥- direction 
will slow down up, while light in the 𝑦-direction will speed up, compared 
to the unperturbed fiber. Intuitively, one would assume that the refractive 
index would increase in the direction of the applied force, but as can be 
noted from eq. (2.36) the opposite occurs so that the refractive index in 
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the 𝑦-direction reduces when the force is applied in the 𝑦-direction. As 
can be noted, the photo-elastic coefficient 𝑝12 is larger than 𝑝11, meaning 
that the electric field is more sensitive to perpendicular stress than 
parallel stress. The difference between the refractive index in the 𝑥- and 
𝑦-direction is known as the birefringence. In this example, with a lateral 
load in the 𝑦-direction, the birefringence will be: 
 
 𝐵 = |𝑛𝑦 − 𝑛𝑥| = 7.4568 × 10−6. (2.37) 
 
For more complicated situations of applied stresses, the changes in 
refractive index need to be numerically simulated. 
 

2.3.3. Temperature tuning 

Apart from the stress tuning, the fiber can also be tuned using 
temperature, through both the so called thermo-optic effect as well as the 
thermal expansion of the fiber. 

Since the electron mobility is affected by the temperature, the 
light-matter interactions are likely to be altered. Empirical studies show 
that the refractive index increases as [33]: 
 
 𝛥𝑛 = 𝑛𝜉𝛥𝑇, (2.38) 
 
where 𝜉 = (1/𝑛)(𝑑𝑛/𝑑𝑇) = 6.5 × 10−6 K−1  is the thermo-optic 
coefficient and 𝛥𝑇 is the change in temperature. The thermal expansion 
will increase the dimensions of the fiber through: 
 
 𝛥𝐿 = 𝐿𝛼𝐿𝛥𝛵, (2.39) 
 
where 𝛼𝐿 = (1/𝐿)(𝑑𝐿/𝑑𝑇) = 7 × 10−7 𝐾−1 is the thermal expansion 
coefficient for fused silica, and 𝐿 is the initial length of the fiber. This 
phenomenon will not directly change the refractive index, but it will 
increase the fiber length which delays the optical phase in the same way 
as an increase of the refractive index. Also, if the fiber is mounted on a 
substrate, which thermally expands differently than the silica, additional 
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stresses might be induced on the fiber which will change the refractive 
index. As both effects are superimposed, it might be difficult to extract 
which effect dominates. However, often it is only the total thermal shift 
of the refractive index which is of interest. 
 

2.3.4. Electrically controlled fiber 

In order to actively control the propagation properties of the optical fiber, 
it is necessary to induce a thermal, mechanical or electro-optical effect to 
the fiber. To achieve this, we employ the micro-structured fibers with 
internal electrodes described in section 2.2.5. If an electrical current is 
applied to the electrode, the resistance will cause it to heat up. As the 
metal expands due to thermal expansion, mechanical stresses are applied 
to the silica walls of the metal-filled holes. This stress induces a photo-
elastic effect which changes the refractive index. The deposited heat will 
also thermally dissipate into the silica, which increases the refractive 
index through the thermo-optic effect. Eventually, the heat dissipation 
will reach equilibrium with the surroundings, with a time constant 
depending on the packaging of the fiber. Since the electrodes have fairly 
low melting point in our components (137 °C), it is vital to ensure that 
the temperatures do not rise too much. If the fiber is suspended in air, 
mainly subjected to radiant and convective cooling, the maximum voltage 
that can be applied is limited to ~2 V or a current of 40 mA for a 50 Ω 
device with Bi-Sn electrodes. If the fiber is instead covered with a heat 
conductive paste, the cooling will be much greater and the voltage can be 
increased to ~17 V or a current of 350 mA. 

If the voltage is applied with a very short pulse, the electrode can 
be heated adiabatically. Since the all the energy is deposited very rapidly, 
the heat does not have time to dissipate before the maximum temperature 
is reached. However, the metal will expand with the speed of sound (in 
Bi-Sn ~2.7 µm/ns) which will induce an acoustic shock-wave in the 
silica. This perturbation will also propagate with the speed of sound (5.9 
µm/ns in silica). Thus, the pressure wave will induce a photo-elastic 
change in the refractive index on the same time-scale as the length of the 
electrical pulse, whereas the thermal effects only come into play after a 
few microseconds. Since the energy is deposited adiabatically, it is 
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important to ensure that the electrode is not melted by a single electrical 
pulse.  

The temperature increase of the electrode will depend on the pulse 
energy and the electrode resistance and heat capacity. The electrical pulse 
power will be: 
 

 𝑃(𝑡) =
𝑈(𝑡)2

𝑅 , (2.40) 

 
where 𝑈 is the pulse voltage, 𝑅 is the resistance of the electrode, and 𝛥𝜏 
is the pulse length. The electrode resistance can be calculated through: 
 

 𝑅 =
𝜌𝐿
𝐴 , (2.41) 

 
where 𝜌 is the resistivity of Bi-Sn, 𝐿 is the length of the component, and 
𝐴 = 𝜋𝐷2 4⁄  is the area of the electrode with hole diameter 𝐷. However, 
in our components, the resistance of the electrode is measured and not 
calculated. If we also consider the temperature dependence of the 
resistance, along with the resulting impedance mismatch, the deposited 
energy density will be: 
 

 𝑃(𝑡) =
4𝑈(𝑡)2𝑅0(1 + 𝛼𝑅𝛥𝑇)

(𝑅0(1 + 𝛼𝑅𝛥𝑇) + 𝑅𝑖𝑛)2, (2.42) 

 
where 𝑅0 is the resistance of the electrode at room temperature, 𝛼𝑅 =
1
𝑅0

𝑑𝑅
𝑑𝑇

 is the temperature dependence of the resistance, 𝛥𝑇 is the 

temperature variation, and 𝑅𝑖𝑛 is the impedance of the input cable. The 
deposited energy will thus be: 
 

 𝑄 = �P(𝑡)𝑑𝑡
𝜏

0

. (2.43) 

 
The maximum deposited heat, which can be applied to the electrode 
before it melts is given by: 
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 𝑄 = 𝑚𝐶𝛥𝑇, (2.44) 
 
where 𝑚 is the mass of the electrode and 𝐶 is the heat capacity of Bi-Sn. 
Since the melting point of Bi-Sn is 137 °C, the maximum temperature 
increase from room temperature is ~110 K. The mass of the electrode is 
given by: 
 
 𝑚 = 𝜌𝐿𝜋𝑟ℎ𝑜𝑙𝑒2 , (2.45) 
 
where 𝜌 is the density of Bi-Sn, 𝐿 and 𝑟ℎ𝑜𝑙𝑒 are the length and radius of 
the electrode respectively. Thus the damage threshold energy is given by: 
 
 𝑄 = 𝜌𝐿𝜋𝑟ℎ𝑜𝑙𝑒2 𝐶𝛥𝑇. (2.46) 
 
A typical component is made with hole diameter ~25-30 µm and lengths 
~5-7 cm. The density and heat capacity of Bi-Sn are 𝜌 = 8560 kg/m3 
and 𝐶 = 167 Jkg−1K−1 respectively, thus, the maximum deposited heat 
applied to a single electrode before it melts can be 𝑄 ≈ 5 mJ. 

For simplicity assume perfect impedance matching between the 
component and the input cable and that there is no temperature 
dependence of the resistance. If a square voltage pulse with width 𝛥𝜏 is 
applied to the electrode, the deposited energy will be: 
 

 𝑄 =
𝑈2

𝑅 𝛥𝜏, (2.47) 

 
and the maximum pulse length for a given voltage applied adiabatically 
will be: 
 

 𝛥𝜏 =
𝑄𝑅
𝑈2 ≈

0.25 [𝑉2𝑠]
𝑈2 . (2.48) 

 
Thus, a 1kV pulse should not exceed 250 ns in length. As the impedance 
mismatch reduces the applied voltage, the actual damage threshold might 
be slight higher than this value. 
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2.3.4.1. Numerical simulations 

In case of external point load or steady state thermal load, it is possible to 
obtain an analytical solution for simple geometries. However, for more 
complicated cases, such as the heated electrodes in the previous section, 
the behavior needs to be calculated numerically using finite element 
methods. In this case COMSOL Multiphysics is used to calculate the 
strain coefficient used in eq. (2.31), to estimate the change in refractive 
index. The equations used to calculate the response to an applied 
electrical pulse are: 
 

 −∇ ⋅ (𝑘∇𝑇) + 𝜌𝐶
𝜕𝑇
𝜕𝑡 = 𝑄,  (2.49a) 

 𝜎 = 𝜎0 + 𝐷[𝜖 − 𝜖0 − 𝜖𝑡ℎ],  (2.49b) 
 
where 𝑘 is the thermal conductivity,  𝜌 is the density, 𝐶 is the heat 
capacity, 𝜎 is the stress tensor, 𝐷 is the elasticity matrix, 𝜎0 and 𝜖0 are the 
initial stress and strain tensors respectively, and 𝜖𝑡ℎ = 𝛼(𝑇 − 𝑇𝑟𝑒𝑓) is the 
thermally induced strain. For a full context of the simulations, the reader 
is referred to the COMSOL user’s manual [34, 35]. The physical models 
used for this simulation are an extension of the ones performed by 
previous Ph.D. students on 2-hole [33] and 4-hole fibers [36]. The 
geometry of the fiber in the simulation is the G2H8 fiber, described in 
section 2.2.3, with a variable dimension to reflect the fact that the 
dimension control during drawing of the fiber allowed the dimensions to 
vary by 10%. In most of the simulations, the fiber is assumed to have the 
optimum 125 µm core separation and all the size measurements are 
scaled accordingly. The fiber is assumed to be covered by a thick layer of 
silicone rubber to emulate the heat conductive paste covering the 
components. The material parameters employed in the simulations are: 
  
Core refractive index 𝑛𝑐𝑜 = 1.4493 
Cladding refractive index 𝑛𝑐𝑜 = 1.444 
Hole radius [µm] 𝑟ℎ𝑜𝑙𝑒 = 12.5 − 14 
Core radius [µm] 𝑟𝑐𝑜 = 4 − 4.5 
Hole-core separation [µm] 𝑑 = 16 − 18 
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Core-core separation [µm] 𝑑 = 125 − 140 
Electrode resistance at 24 °C [Ω] 𝑅0 = 51 
Electrode length [cm] 𝐿 = 7 
Thermal coefficient of  
electrical resistance [K-1] 

𝛼𝑅 = 3.368 × 10−3  

Pulse durations [ns] 𝛥𝜏 = 45 
Pulse separation [ns] 𝑡𝑑𝑒𝑙𝑎𝑦 = 20 
   
 Silica Bi-Sn Silicone Rubber 
Young’s modulus: 𝑬 71.7×109 42×109 4×106 
Poisson’s ratio: 𝝂 0.17 0.4 0.21 
Thermal expansion 
coefficient: 𝜶𝑳 [K-1] 

5×10-7  15.3×10-6 2.7×10-6 

Density: 𝝆 [kg/m3] 2200 8560 1280 
Thermal conductivity: 𝒌 
 [W m-1K-1] 

1.388 19 0.26 

Heat capacity: 𝑪 [J kg-1K-1] 736 167 1794 
Speed of sound: 𝒗 [m/s] 5918 3442 57 
Acoustic impedance 
𝒁 = 𝝆𝒄 [kg/m2] 

13.0×106 2.77×106 73×103 

Photo-elastic constants of 
silica 

𝑝11 = 0.121  
𝑝12 = 0.270 

Thermo-optic coefficient of 
silica 𝝃 [K-1] 

6.5×10-6  

Rayleigh mass damping 
parameter 

𝛼dM = 10 

Rayleigh stiffness  
damping parameter 

𝛽dK = 2.5 × 10−6 

Table 2.1. Parameters used for numerical simulations 

 
The speed of sound in the different material is calculated using: 
 

 𝑣 = �
𝐸(1 − 𝜈)

𝜌(1 + 𝜈)(1 − 2𝜈), (2.50) 
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so that the acoustic waves propagate ~1.8 times faster in the silica glass 
than in the Bi-Sn electrodes. 

To understand the transient acoustic behavior of the component, a 
simple one-dimensional model can be employed. To begin with, we need 
to consider what happens when the acoustic wave, induced by the 
expanding electrode, reaches an interface between two materials and is 
reflected. For normal incidence on the interface, the reflection will be: 
 

 𝑅 =
𝑍𝑡 − 𝑍𝑖
𝑍𝑡 + 𝑍𝑖

, (2.51) 

 
where Zi and Zt are the acoustic impedances at the incident side and the 
transmitted side respectively. When the wave travels from silica to 
silicone rubber, we have Z𝑖 ≫ Z𝑡 and the reflection coefficient will be 
R ≈ −0.99, i.e. almost all the sound pressure will be reflected with a π-
phase-shift and it becomes negative. In the reflection between silica and 
Bi-Sn, the reflection coefficient will be R ≈ ±0.36, the sign depending 
on if it is from silica to Bi-Sn or vice versa.  

If we consider a positive pressure wave reaching the core at 𝑡 = 𝑡0, 
it will increase the local pressure, and then continue to propagate towards 
the outer surface of the fiber. When it reflects off the glass/silicone rubber 
interface, the wave incurs a π-phase-shift and returns towards the fiber 
core. When it reaches the core the second time, it has propagated an 
additional distance of 𝛥𝐿 = 125 µm at the speed of sound 𝑣𝑆𝑖𝑂2 =
5.9 µm/ns. This mean that the reflected pulse reaches the core at 
𝑡 = 𝑡0 + 𝛥𝑡 where 𝛥𝑡 = 125/5.9 = 21.2 𝑛𝑠. As the pulse incurred a π-
phase-shift the local pressure is reduced by the pulse. When the pulse has 
reflected off the surface once more, incurred an additional π-phase-shift 
and returned to the core, the time will be 𝑡 = 𝑡0 + 2𝛥𝑡 = 𝑡0 + 42.5 ns. 
The pulse will continue to bounce back and forth between the fiber 
surfaces, alternating between positive and negative acoustic pressure until 
it dissipates. Here, we have neglected the presence of the electrodes 
which might slightly alter the roundtrip time. 

If the length of the acoustic pulse is matched to the roundtrip time 
of the bouncing acoustic waves, the oscillations can be dampened through 
destructive interference of the pressure waves. In order to suppress these 
oscillations for other pulse lengths, proper packaging with acoustic 
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impedance matching is required so that the pressure waves do not reflect 
off the fiber surface. In the transient acoustic simulations, Rayleigh 
damping factors are introduced and adjusted through iterative 
simulations. The factors are optimized to match the decay of the 
oscillations observed in the measurements. 

If we consider that the dimension of the G2H8 fiber can vary 
between 125-140 µm, the roundtrip time for the acoustic pulse could vary 
between 42.5-47.5 ns, depending on the actual fiber dimension. 
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2.4. Interferometers 
There are numerous different interferometers proposed and constructed. 
However, all are based on the same fundamental physics, the interference 
of multiple waves. Typically, the interferometer works by dividing 
incoming light into two or more parts either spatially or temporally. Each 
part propagates along different paths or along the same path different 
number of times, incurring different phase delays. At the output, the 
waves can either interfere constructively or destructively, depending on 
their phase relation. Here, only the types of interferometers used in this 
thesis are presented; the Michelson- and the Mach-Zehnder 
interferometer. 
 

2.4.1. Mach-Zehnder interferometer 

A Mach-Zehnder interferometer is based on two 50% beam-splitters 
(semi-transparent mirrors in free space or 3 dB directional couplers in 
fibers), as depicted in Fig. 2.4.1. 
 

 

Fig. 2.4.1. Schematic setup of Mach-Zehnder interferometer 

 
Light incident on the first beam splitter, e.g. at port 1, propagates along 
two different paths to the second beam-splitter. Depending on the relative 
phase of the two beams, which may be controlled separately in each path, 
the light will either exit through port 3 or port 4 depending on the 
interference. The light after the first beam splitter can be described by: 
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𝐸1

(0) = 𝑟1𝐸𝑖𝑛𝑒𝑖𝜔𝑡𝑒𝑖𝜋 ,

𝐸2
(0) = �1 − 𝑟12𝐸𝑖𝑛𝑒𝑖𝜔𝑡 ,

 (2.52) 

 
where 𝑟1 is the amplitude reflection coefficient of the first mirror, 𝐸1

(0) 

and 𝐸2
(0) are the electrical field in the beginning of each arm of the 

interferometer, and 𝐸𝑖𝑛𝑒𝑖𝜔𝑡 is the incident light. The last term of the first 
expression: e𝑖𝜋 represents the phase-shift the light experiences upon 
reflection on a denser medium e.g. glass. At the second beam splitter the 
field will be: 
 

 
𝐸1

(1) = 𝐸1
(0)𝑒𝑖�𝑘1𝐿1+𝛿𝑚(𝑡)�𝑒𝑖𝜋 = 𝑟1𝐸𝑖𝑛𝑒𝑖(𝜔𝑡+𝑘1𝐿1+𝛿𝑚(𝑡))𝑒𝑖2𝜋 ,

𝐸2
(1) = 𝐸2

(0)𝑒𝑖(𝑘2𝐿2)𝑒𝑖𝜋 = �1 − 𝑟12𝐸𝑖𝑛𝑒𝑖(𝜔𝑡+𝑘2𝐿2)𝑒𝑖𝜋 ,
 (2.53) 

 
where 𝑘𝑖 = 2𝜋𝑛𝑖 𝜆⁄  are the wave numbers and 𝑛𝑖 are the refractive 
indices in each arm, 𝜆 is the optical wavelength in vacuum, 𝐿𝑖 are the 
length of the two optical arms, and 𝛿𝑚(𝑡) is the actively controlled phase-
shift on one of the interferometer arms. Both waves will have incurred a 
π-phase-shift due to a reflection off a denser material. When the waves 
reach the second beam splitter, they will reflect off the front side of the 
mirror. However, the light impinging on the mirror from the backside 
need to transverse the mirror before reflecting, thus the light will not 
incur a phase-shift since the reflection is from a dense to a sparse 
material. If we assume that the first wave (upper arm) reflects from the 
front-side, the interface is from air to glass, and the other wave is 
reflected from the backside, only the first wave will experience a phase-
shift, thus: 
 

 
𝐸3 = 𝐸1

(1)�1 − 𝑟22 + 𝐸2
(1)𝑟2,

𝐸4 = 𝐸1
(1)𝑟2𝑒𝑖𝜋 + 𝐸2

(1)�1− 𝑟22.
 (2.54) 
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If we assume for simplicity that 𝑟12 = 𝑟22 = √1 − 𝑟2 = 0.5, i.e. that both 
mirrors divide the light exactly 50%, and that the propagation constant 𝑘 
is the same in both arms, we obtain: 
 

 
𝐸3 = 0.5 𝐸𝑖𝑛𝑒𝑖(𝜔𝑡)�𝑒𝑖�𝑘𝐿1+𝛿𝑚(𝑡)�𝑒𝑖2𝜋 + 𝑒𝑖𝑘𝐿2𝑒𝑖𝜋�,
𝐸4 = 0.5 𝐸𝑖𝑛𝑒𝑖(𝜔𝑡)�𝑒𝑖�𝑘𝐿1+𝛿𝑚(𝑡)�𝑒𝑖3𝜋 + 𝑒𝑖𝑘𝐿2𝑒𝑖𝜋�,

 (2.55) 

 
which can be rewritten as: 
 

 
𝐸3 = 𝑖𝐸𝑖𝑛𝑒

𝑖�𝜔𝑡+
�𝑘𝛥𝐿+𝛿𝑚(𝑡)�

2 �
𝑠𝑖𝑛 �

𝑘𝛥𝐿 + 𝛿𝑚(𝑡)
2 � ,

𝐸4 = 𝐸𝑖𝑛𝑒
𝑖�𝜔𝑡+

�𝑘𝛥𝐿+𝛿𝑚(𝑡)�
2 �

𝑐𝑜𝑠 �
𝑘𝛥𝐿 + 𝛿𝑚(𝑡)

2 � ,

 (2.56) 

 
where 𝛥𝐿 = 𝐿1 − 𝐿2 is the arm length difference. Since only the intensity 
is measurable through the square of the absolute value of the electric 
field, we have: 
 

 
𝐼3~| 𝐸3|2 = 𝑠𝑖𝑛2 �

𝑘𝛥𝐿 + 𝛿𝑚(𝑡)
2 � ,

𝐼4~| 𝐸4|2 = 𝑐𝑜𝑠2 �
𝑘𝛥𝐿 + 𝛿𝑚(𝑡)

2 � .
 (2.57) 

 
If the active modulation is turned off so that 𝛿𝑚(𝑡) = 0, we have: 
 

 𝐼3 ∝ 𝑠𝑖𝑛2 �
𝜋𝑛𝛥𝐿
𝜆 � . (2.58) 

 
The intensity will vary between a maximum and minimum value with a 
period of 𝛥𝜆 = 𝜆2 𝑛𝛥𝐿⁄ . Thus in order to have an interference period of 
more than 100 nm, to guarantee broadband operation, the optical 
pathlength difference need to be smaller than 15 µm at 𝜆 = 1.5 µ𝑚 with 
𝑛 = 1.5. However, if the optical pathlength difference is zero, i.e. the two 
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paths are exactly equal, the interference will no longer be sinusoidal but 
instead be constant for all wavelengths. 

On the other hand, if we assume that the phase modulation is 
periodic, for instance with a microwave frequency 𝛺, so that: 
 
 𝛿𝑚(𝑡) = 𝛽 𝑠𝑖𝑛(𝛺𝑡), (2.59) 
 
where 𝛽 is the amplitude of the modulation, we see that the electric field 
at port 4 will be: 
 

 𝐸4 = 𝑒𝑖�𝜔𝑡+
𝛽 𝑠𝑖𝑛(𝛺𝑡)

2 �𝐸𝑖𝑛𝑒
𝑖𝑘𝛥𝐿
2 𝑐𝑜𝑠 �

𝑘𝛥𝐿 + 𝛽 𝑠𝑖𝑛(𝛺𝑡)
2 �. (2.60) 

 
If 𝛽 is assumed small, exp (𝑥) can be approximated by its Taylor 
expansion: 
 

 𝑒𝑥𝑝(𝑥) = 1 + 𝑥 +
𝑥2

2 + ⋯ ≈ 1 + 𝑥, (2.61) 

 
and we have: 
 

 𝐸4 = 𝐴𝑒𝑖𝜔𝑡 �1 +
𝑖𝛽 𝑠𝑖𝑛(𝛺𝑡)

2 � 𝑐𝑜𝑠 �
𝑘𝛥𝐿 + 𝛽 𝑠𝑖𝑛(𝛺𝑡)

2 �, (2.62) 

 
where 𝐴 = 𝐸𝑖𝑛𝑒𝑖𝑘𝛥𝐿. By using the trigonometric identity sin(𝑥) =
�𝑒𝑖𝑥 − 𝑒−𝑖𝑥� 2𝑖⁄ , eq. (2.62) can be rewritten as: 
 

 
𝐸4 =

𝐴
4𝛽 �4𝛽𝑒

𝑖𝜔𝑡 + 𝑒𝑖(𝜔+𝛺)𝑡  − 𝑒𝑖(𝜔−𝛺)𝑡�

× 𝑐𝑜𝑠 �
𝑘𝛥𝐿 + 𝛽 𝑠𝑖𝑛(𝛺𝑡)

2 � .
 (2.63) 

 
This expression clearly shows that there will be three different frequency 
components present: 𝜔, 𝜔 + 𝛺, and 𝜔 − 𝛺, corresponding to the carrier 
frequency and the upper and lower sidebands, as seen in the illustrations 
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in Fig. 2.4.2 for 𝛺 equal to 4 GHz and 8 GHz. The simulations are 
performed by calculating the sum of the three signals wavelengths for 
lorentzian lineshapes with FWHM of 1 pm. 
 

       

Fig. 2.4.2. Simulation of modulated signal at (a) 4 GHz and (b) 8 GHz. 

 
The wavelength separation between the carrier and the side peaks is given 
by: 
 

 𝛥𝜆 =
𝜆2

𝑐 𝛺, (2.64) 

 
i.e. proportional to the modulation frequency 𝛺. 

2.4.2. Michelson interferometer 

In a Michelson interferometer, the setup is similar to that of a Mach-
Zehnder interferometer, except that instead of using two beam-splitters, 
the light is reflected back to the first beam-splitter using mirrors. The 
light still propagates along two separate paths and recombines in a beam-
splitter but here it traverses the same paths twice and only employs a 
single beam-splitter, as seen in Fig. 2.4.3. The effect is that all 
perturbations introduced into the paths are passed twice. 

In fibers, a Michelson interferometer can be constructed by simply 
using a single 3 dB coupler. If light is injected into one of the ports of the 
coupler, it will split 50% into each arm and propagate along the output 
fibers. When the light reaches the end of the fibers it can be reflected, if 
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flat end-surfaces are present on the fiber tips. Due to the refractive index 
mismatch in the glass/air interface, approximately 4% of the light will be 
reflected back. Naturally, by employing a high reflectance mirror, on the 
fiber tip through metal deposition, or within the fiber using FBGs, much 
stronger reflections can be obtained. When the reflections from both fiber 
tips return to the coupler, they will interfere constructively or 
destructively depending on their relative phase.  
 

 

Fig. 2.4.3. Schematic of Michelson interferometer. Light enters into 
port 1 and is split into two arms. Both waves travel to a mirror and is 
reflected back to the beam splitter with different propagation times. 

Depending on phase difference, light exits through port 1 or 2. 

 
However, as in a Mach-Zehnder interferometer, in order to achieve 
broadband operation, the optical pathlength difference needs to be very 
small. If the Michelson interferometer is constructed from two 
independent fibers, with lengths ~1 m, the relative length accuracy need 
to be 𝛥𝐿 𝐿⁄ < 10−5 in order to get a periodicity larger than 75 nm. 
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2.5. Fiber tapers 
A fiber taper is a longitudinal variation of the fiber diameter and is made 
by pulling on the fiber while heating it beyond its softening point. There 
are mainly two different types of tapers with slightly different 
applications. The first one is the linear taper, described in section 2.5.1 
and the second one is the biconic taper, described in section 2.5.2. 
 

2.5.1. Linear taper 

The linear taper is typically used to match the mode-field of different 
kinds of fibers. The linear taper is typically made with a relatively long 
down-taper (e.g. 10 mm), a length of fiber waist (e.g. 10 mm) and a short 
up-taper (e.g. 1 mm) as seen in Fig. 2.5.1. The fiber is then cleaved at the 
waist section and the up-taper is discarded.  
 

 

Fig. 2.5.1. Schematic of image of linear taper with different down, up 
and waist section. 

 
If the mode-field diameters differ when splicing two fibers together, 
significant insertion losses can be incurred. By reducing the size of one of 
the fiber, its mode-field diameter is changed, so that the insertion loss can 
be reduced. In the case of the Gemini fibers, described in section 2.2.3, 
the separation of the two cores will depend on the dimension of the fiber. 
If the dimensions are increased by 12% from the assumed dimension of 
125 µm, the core separation will increase by 15 µm. As both cores need 
to be matched to within 0.5 µm to withstand significant splice loss, this 
difference is unacceptably large. The solution is to linearly taper the 
Gemini fiber from ~140 µm down to 125 µm to match two independent 
fibers or another Gemini fiber which has correct dimensions. The process 
to linearly taper the Gemini fiber using the Vytran GPX-3400 is briefly 
discussed in Appendix C.1. 
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2.5.2. Biconic taper 

The fused biconic taper technique is typically used to make fiber 
couplers, which divides the light from one waveguide into two or more 
separate waveguides. In this process, two or more parallel fibers are 
heated and stretched so that they melt together. As the fibers are stretched 
at high temperature, plastic deformation narrows the cross-section of the 
fiber. As the fiber diameter reduces, fiber cores also decrease in 
separation and diameter. Since only the central part of the fiber is heated, 
while it is stretched, more and more fiber material is pulled out of the 
heat zone, so that the fiber diameter reduces exponentially on both sides 
of the furnace. As the core size shrinks, the V-number decreases and the 
mode-field expand. When the mode-field overlaps with the other core, 
some light will couple over to the other core, much like the coupling 
between two parallel waveguides, described in section 2.7. As the 
geometrical parameters vary along the length of the coupler, the coupling 
coefficient cannot be derived analytically. However, it is possible to 
numerically simulate the behavior, by taking into account the changes in 
fiber diameter and core separation, using for instance the transfer matrix 
method [37]. 

When making a coupler, it is also important to ensure low losses. 
The main sources of loss are typically surface contaminations or coupling 
to higher order modes. The surface contaminations are typically due to 
residual traces of the coating, which is not properly removed, or 
contaminants from the heat source. If proper care is taken to clean the 
fiber, either chemically with fuming nitric acid (100% HNO3 at room 
temperature) or hot sulfuric acid (100% H2SO4 at 140 °C), or 
mechanically using conventional fiber stripper along with acetone, these 
contaminants can be avoided. Since, the fibers are very thin in the 
coupling region, any speck of dirt will be sufficient to cause severe 
losses. The losses to higher order modes are typically induced by micro-
bends, which are caused by poorly aligned fiber holding blocks or by too 
steep down tapers. In the extreme case, the down taper would be 
infinitely long and there would be no mode-field mismatch. At the other 
extreme, the taper would be infinitely short, i.e. the original fiber would 
be spliced directly to the much thinner fiber. In this case, the mode-field 
mismatch would be pronounced and the losses would be significant. In 
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the intermediate region there will be some taper which provides 
acceptably low (i.e. negligible) losses. This requires the transition to be 
adiabatic so that it can be approximated locally by a constant dimension. 
In practice, the coupling coefficient and the excess loss are measured 
while tapering and by empirically tuning the tapering parameters, low-
loss (~0.1 dB) and accurate coupling ratios can be achieved. 

The coupling ratio is monitored online during tapering so that the 
process can be halted once the ratio reaches the target value, e.g. 50%, as 
can be seen in Fig. 2.5.2(a). The output powers are measured at 1580 nm, 
the longest wavelength available by the tunable laser, as the coupling is 
stronger at longer wavelengths due to the larger mode-field area. The 
broadband coupling ratio can be seen in Fig. 2.5.2(b). 
 

 

Fig. 2.5.2. (a) Power measurement of the two output arms during 
tapering of Gemini coupler. (b) Coupling ratio after tapering is 

finished. 

 
Standard single-mode fiber couplers at any desired coupling ratio are 
commercially available at low cost and have been so for decades [38, 39]. 
Therefore, there is little point in constructing these couplers yourself. 
However, when it comes to specialty fibers the availability can be non-
existent. For instance, the Gemini fiber described in section 2.2.3, is used 
in a monolithic interferometer. For this, couplers need to be made within 
the Gemini fiber. The process parameters will be similar, but not identical 
to the ones used for standard coupler. A more detail description of the 
procedure used to make a coupler can be found in Appendix C.2. 
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2.6. Fiber Bragg gratings 
A fiber Bragg grating (FBG) is a wavelength selective filter, generally 
inscribed in the core of a fiber. The filter typically consists of a weak 
periodic variation of the refractive index with a periodicity given by: 
 
 𝜆𝐵𝑟𝑎𝑔𝑔 = 2𝑛𝑒𝑓𝑓𝛬, (2.65) 
 
where 𝑛𝑒𝑓𝑓 is the effective refractive index, 𝛬 is the periodicity, and 
𝜆𝐵𝑟𝑎𝑔𝑔 is the reflected wavelength as seen in Fig. 2.6.1 
 

 

Fig. 2.6.1. Grating with length L, period Λ, and an effective refractive 
index 𝑛𝑒𝑓𝑓 containing N+1 fringes. Light is incident from the left and 

partially reflected back, determined by reflection coefficient r(ω). 

 
The periodic separation of the refractive index fringes allows all 
reflections for the Bragg wavelength to be in phase at the first interface, 
regardless of which fringe it was reflected from, resulting in constructive 
interference. The index modulation at each fringe can be up to 𝛥𝑛~10−3, 
which according to the Fresnel equations for normal incidence results in 
an approximate reflection at each fringe of: 
 

 𝑅 =
(𝑛1 − 𝑛2)2

(𝑛1 + 𝑛2)2 ≈ �
𝛥𝑛
𝑛𝑎𝑣

�
2

= 3.3 × 10−7. (2.66) 
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The combined reflection of all the constructively interfered signals can be 
> 99.9999%. For all other wavelengths which do not interfere 
constructively, the reflection is much smaller. Except for side-lobes, the 
relative reflection levels can be tens of dB below the peak reflection. 

The periodicity and strength of the index modulation do not have 
to be constant throughout the grating. If the variations are described by a 
cosine, the refractive index 𝑛(𝑧) at point 𝑧 will be: 
 
 𝑛(𝑧) = 𝑛𝑒𝑓𝑓 +  𝛥𝑛(𝑧) 𝑐𝑜𝑠[𝜅(𝑧)𝑧 + 𝜑(𝑧)], (2.67) 
 
where 𝜅(𝑧) = 2𝜋 𝛬(𝑧)⁄  is the spatial frequency, 𝛬(𝑧) is the periodicity, 
or pitch of the grating, and 𝜑(𝑧) is a variable phase factor. If 𝜅(𝑧) is 
varied along the grating, it is called a chirped grating, a varying 
modulation depth 𝛥𝑛 is known as an apodized grating, and a change in 
the phase 𝜑(𝑧) is known as a phase-shifted grating. It is also possible to 
combine all three different variations simultaneously. 

The reflection spectra of the FBG are fully described by the 
complex reflection and transmission coefficients. These can be obtained 
through the so called coupled-mode theory [33]. It can be shown that the 
coupled-mode equations can be solved analytically for two special cases: 
• In the case of very weak reflections, where the transmitted amplitude 

can be considered to be unaffected by the reflections, the reflection 
coefficients are related to the grating characteristics by a Fourier 
transform. For stronger gratings, the multiple reflections prevent a 
closed-form solution to the equations, but many key aspects can still 
be obtained from this analysis. 

• In the case of a uniform grating, where the strength and periodicity is 
constant throughout the grating, the coupled-mode equations can be 
solved in a closed form. 

In the case of more complicated grating structures, the reflectivity 
can be numerically modeled using for instance the Transfer Matrix 
Method [40]. This method assumes piecewise uniform gratings to 
calculate the reflection coefficient. 
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2.6.1. Variations of FBGs 

The fabrication of FBGs allows for modifications of the grating 
parameters during writing which significantly alters the reflection 
coefficients. In this section, the most common modifications will be 
described. 
 

2.6.1.1. Apodized FBG 

A simple FBG consists of a sinusoidal index variation with a constant 
periodicity. However, the grating is not infinitely long but is typically 
millimeters up to decimeters long. Thus, mathematically it can be 
described as a sine function multiplied by a rectangular function. As 
mentioned in the previous section, the reflection spectrum of an FBG can 
be described as the Fourier transform of the grating. The Fourier 
transform of a sine function is a delta function, i.e. a single peak at the 
Bragg wavelength (as desired). On the other hand, the Fourier transform 
of a rectangular function is the sinc function: 
 

 𝑠𝑖𝑛𝑐(𝑥) =
𝑠𝑖𝑛(𝑥)
𝑥 . (2.68) 

 
As can be seen from Fig. 2.6.2, the sinc function has a narrow peak 
surrounded by several symmetric side-peaks. 
 

 

Fig. 2.6.2. Illustration of the function sinc(x). 
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The convolution of the delta function and the sinc function yields a sinc 
function centered at the Bragg wavelength. Even though the side peaks 
are always smaller than the central peak, it can still be undesirable to 
have large reflections close to the Bragg wavelength. To suppress these 
side peaks, the edges of the grating need to be smoothened out by using a 
window function, e.g. a Cosine, Hamming or Super-Gaussian function, as 
shown in eq. (2.69) and Fig. 2.6.3: 
 

 

𝐶𝑜𝑠𝑖𝑛𝑒: 𝑤(𝑧) = 𝑐𝑜𝑠�𝜋(𝑧 − 𝐿 2⁄ )�,

𝐻𝑎𝑚𝑚𝑖𝑛𝑔: 𝑤(𝑧) = 0.54 − 0.46 𝑐𝑜𝑠(2𝜋𝑧) ,

𝑆𝑢𝑝𝑒𝑟 𝐺𝑎𝑢𝑠𝑠𝑖𝑎𝑛: 𝑤(𝑧) = 𝑒𝑥𝑝 �− �
𝑧 − 𝐿 2⁄
𝑎1

�
𝑎2
� ,

 (2.69) 

 
where 𝑎1 B and 𝑎2 B are numerical constants.  
 

 

Fig. 2.6.3. Simulation of window functions for Cosine, Hamming, and 
Super-Gaussian function. 

 
The effect on the reflection spectra of the FBGs is that the side peaks are 
reduced as seen in Fig. 2.6.4 on a logarithmic scale. However, the 
apodization needs to be designed specifically with the application in mind 
to optimize the grating. 
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Fig. 2.6.4. Simulation of reflection spectra with different apodizations 
(a) No apodization, (b) Cosine, (c) Hamming, (d) Super-Gaussian. 

 

2.6.1.2. Chirped FBG 

A standard uniform FBG typically reflects a narrow bandwidth 
surrounding the Bragg wavelength. Depending on the strength of the 
grating, the FWHM bandwidth ranges from 100 pm up to 1 nm. 
However, the reflection band can be made much broader by introducing a 
chirp in the grating. In essence, the periodicity of the grating is gradually 
increased along the length of the fiber as illustrated in Fig. 2.6.5. 
 

 

Fig. 2.6.5. Illustration of linearly chirped grating. 
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The result is that each specific wavelength within the range is reflected 
by a small portion of the grating where the periodicity matches the Bragg 
condition for that wavelength. A simulation of the effects on the 
reflection spectra can be seen in Fig. 2.6.6, where a uniform 5-cm long 
grating (Uniform FBG) is compared to a 5-cm long grating with 1 nm 
chirp (Chirped FBG1). As can be noted, the reflectivity decreases due to 
the chirp since each wavelength is only reflected by a fraction of the 
grating, but an increase of the modulation depth can increase the 
reflection for the chirped grating (Chirped FBG2).  
 

 

Fig. 2.6.6. Simulated reflection spectra of FBGs with or without linear 
chirp. The Normal FBG has a refractive index modulation of 𝛥𝑛 =

0.8 × 10−5. The two chirped FBGs have 1 nm linear chirp and 
refractive index modulation of 𝛥𝑛 = 0.8 × 10−5 and 𝛥𝑛 = 2.4 × 10−4 

respectively. 

 
It is also possible to envision other, non-linear chirps, which provide 
different strength gratings for different wavelength. However, these will 
not be covered here. 
 

2.6.1.3. Phase-shifted FBG 

In a standard grating, all the refractive index fringes have the same phase, 
i.e. they can be considered to be part of the same sinusoidal function. 
However, if the phase is suddenly shifted at some point, it is equivalent to 
ending one sinusoidal function and starting a new one with a different 
phase at that position. The result is that the reflections from the different 
parts of the grating will not be in phase and will not constructively 
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interfere. However, if the phase-shift is π radians and is located in the 
middle of the grating, the grating will consist of two parts which are 
exactly out of phase with each other as seen in Fig. 2.6.7. 
 

 

Fig. 2.6.7. Illustration of π-phase-shifted grating 

 
The result is that the reflections from the two parts destructively interfere, 
leading to a strong transmission peak. As this transmission peak is 
obtained through countless of reflections and back-reflections between 
the two parts of the grating, the width of the peak is narrowed 
significantly to only a few picometers or 100s of femtometers wide, as 
seen from the simulations in Fig. 2.6.8. 
 

 

Fig. 2.6.8. Simulation of 5-cm long FBG with or without π-phase-shift 
in the center. The modulation depths for the two FBGs are 𝛥𝑛 = 10−4. 

 

2.6.2. Fabrication of fiber Bragg gratings 

The most common fabrication technique for type I gratings is through 
UV-exposure of the fiber [41]. To increase the sensitivity, the fiber is 
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initially hydrogen-loaded, by placing it in a high-pressure hydrogen 
atmosphere for several days [42]. Afterwards, the gratings are inscribed 
by exposing the fiber to a periodic UV-beam. The periodicity can be 
achieved either through a diffraction phase-mask or by using two-beam 
interference. The advantage with phase-mask is the simplicity of use 
where alignment of the phase-mask is straightforward and many identical 
gratings can be obtained. The down-side is that the versatility of the 
phase-mask is limited. 

The Bragg grating writing system we employ utilizes two separate 
beams and allows the use of the multiple printing in fiber (MPF) 
technique, which enables flexible tuning of grating wavelength, phase, 
apodization, and modulation depth as described in [33]. The technique 
utilizes interferometric side-illumination of UV-light at 244 nm from a 
frequency-doubled argon-ion laser. A nanometer-precision translation 
stage allows for multiple writings of 10 centimeter long FBG with no loss 
of precision. However, the system is very complex and requires 
significant maintenance and alignment to operate properly, thus reducing 
the production speed. When the FBG is finished, the fiber is thermally 
annealed at 100 °C for 12 hours to drive out the residual hydrogen. 

Other types of gratings include for instance chemical composition 
gratings [43]. There, a type I grating is written in a hydrogen-loaded fiber 
and then subjected to a high temperature treatment which initially erases 
the grating but afterwards modifies the chemical bonds in the UV-
exposed germania-doped silica. The CCG can then withstand much 
higher temperatures than standard type I FBGs. 

A type II grating is made by a periodic damage of the fiber core 
using high-power laser light. Point-by-point inscription can also be 
accomplished by femtosecond laser irradiation. These gratings can 
withstand much higher temperatures, but the inscription process is much 
slower. 
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2.7. Coupled-mode theory 
Coupled-mode theory is used to calculate the propagation of several 
coexisting modes. In order for energy to couple between different modes, 
spatial overlap, along with energy and momentum conservation is 
required. As usual, only certain special cases can be solved analytically, 
whereas more complicated situations require numerical simulations. 

2.7.1. Weekly guiding parallel waveguides 

The coupled-mode theory for parallel waveguides has been thoroughly 
examined in the literature [44, 45]. If we consider two identical, parallel, 
weekly guiding, circular waveguides with light injected into only one 
core, the optical power will transfer between the cores as: 
 

 𝑃1(𝑧) = 𝑐𝑜𝑠2(𝐶𝑧) ,
𝑃2(𝑧) = 𝑠𝑖𝑛2(𝐶𝑧) .

 (2.70) 

 
The coupling coefficient 𝐶 is given by: 
 

 𝐶 =
(2𝛥)1/2

 𝑎3  
𝑢2

𝑉3
𝐾0 �

𝑤𝑑
𝑎 �

𝐾12(𝑤) , (2.71) 

 
where 𝑎 is the core radius, 𝑑 is the core separation, 𝛥 is the index 
difference between the cores and the cladding as defined by eq.(2.7), 𝑢 
and 𝑤 are the transverse propagation and decay constants as defined by 
eq. (2.17), and 𝑉 = √𝑢2 + 𝑤2 is the so called V-number. 𝐾0(𝑥) and 
𝐾1(𝑥) are the zeroth and first order of the modified Bessel function of the 
second kind. The derivation of these expressions can be found in 
Appendix D. The coupled-mode theory predicts that the propagation in 
the dual waveguide structure can be described by two supermodes; the 
symmetric and the anti-symmetric mode, as seen in Fig. 2.7.1. The 
propagation constant for these two modes will be: 
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 𝛽𝑠 = 𝛽 + 𝐶,
𝛽𝑎𝑠 = 𝛽 − 𝐶, (2.72) 

 
where 𝛽 would be the propagation constant of each separate waveguide 
in the absence of the other waveguide. 
 

 

Fig. 2.7.1. Simulated supermodes in twin-core fiber (a) Symmetric 
mode, (b) Power distribution along radial position, (c) Anti-symmetric 

mode. 

 
Since the two supermodes propagate at slightly different speeds, these 
will alternatively interfere constructively or destructively along the fiber. 
Since constructive interference corresponds to the sum of the two 
supermodes the result is that all light is confined to waveguide 1. On the 
other hand, destructive interference corresponds to the difference between 
the two modes, meaning that all the light is confined to waveguide 2. As 
the light couples back and forth between the cores, it is possible to define 
a coupling length, the distance it takes the light to fully couple from one 
core to the other, which is given by: 
 

 𝐿𝐶 =
𝜋

2𝐶 =
𝜋

(𝛽𝑠 − 𝛽𝑎𝑠) =
𝜆

2(𝑛𝑠 − 𝑛𝑎𝑠). (2.73) 

 
As can be noted, the coupling length depends linearly on the wavelength. 
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2.7.2. Directional couplers 

A fiber optic directional coupler can be made in several ways, using e.g. 
micro-lenses [46], side polished fibers [47], or D-shaped fibers [48], but 
one of the more common methods is to use the fused biconic taper 
technique [37], described in section 2.5.2. At the onset of the coupling 
region, the two fibers can be considered as two parallel, weekly guiding 
waveguides. However, the core separation is so large that there will be 
effectively no cross coupling. By examining eq. (2.71), we observe that 
there is a term 𝐾0(𝑤𝑑/𝑎) which exponentially decays for increased 
values of 𝑑. Within the taper region, the dimensions of the two 
waveguides are exponentially decreasing on both sides of the central part 
of the taper. Because of this, both the propagation constants, core radii, 
and core separations vary along the coupler. In the center region, the 
dimensions are reduced in size with a factor ~5 so that 𝑑 ≅ 25 µ𝑚 and 
𝑎 ≅ 1.6 µ𝑚 over a length of 2 cm. As the core radii reduce, the optical 
mode extends further into the cladding. This will change the mode 
propagation constant which changes the values of 𝑢, 𝑉, and 𝑤. In order to 
obtain a quantitative estimate of the coupling in the fused biconic taper, 
the coupling coefficient needs to be integrated along the length of the 
component, taken into account the variations of the mode-field diameter 
and propagation constants. However, the discussions above give a 
qualitative description of what happens within a biconic taper and it is 
straightforward to measure the total coupling of the fused biconic taper 
during manufacturing and simply interrupt the tapering when the correct 
values are obtained. 

The discussions here have been limited to coupling between two 
parallel, identical, weekly guiding, circular waveguides. The restriction 
‘weekly guiding’ is used since it allows certain approximations to be 
made, which simplifies the derivations of the coupling and is also the 
most common case when dealing with fibers, since 𝛥 ≅ 2% in standard 
fibers. The condition that the two waveguides are circular reflects the 
circular geometry associated with standard fibers. Naturally, different 
shapes can be utilized, which changes the coupling condition. For 
instance in silicon waveguides, the structures are typically rectangular 
due to the fabrication techniques [49]. The condition that the waveguides 
are parallel is correct when observing two adjacent fibers, however, 
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within the taper region, the waveguides are no longer parallel since their 
diameters and separation varies. However, if the transition is sufficiently 
smooth, so that the local taper angle of the coupler 𝛼 = |𝑑𝑎 𝑑𝑧⁄ |, where 
𝑎 is the core radius and 𝑧 is the axial coordinate, is smaller than the beat-
length between the fundamental mode and the first higher order mode 
[50]: 
 

 �
𝑑𝑎
𝑑𝑧� <

𝑎
2𝜋

(𝛽1 − 𝛽2), (2.74) 

 
where 𝛽1 and 𝛽2 are the propagation constants for the two modes, the 
waveguides can locally be approximated to be parallel and the taper is 
considered to be adiabatic. The final condition, that the two waveguides 
are identical is of course a special case. If the coupler would be made 
from two different fibers which have different propagation properties, be 
it core radii or refractive indices, full coupling between the waveguides is 
no longer possible [51]. However, this topic will not be further 
investigated as it is outside the scope of this thesis. 
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Chapter 3.  
 
Microwave photonics 

Microwave photonics (MWP) refers to photonic systems or subsystems 
aimed at performing equivalent tasks as traditional microwave systems do 
in the radio-frequency (RF) domain, with the added value of the inherent 
advantages of the optical domain. The term MWP encompasses both the 
conversion of RF-signals to the optical domain for optical processing as 
well as the reverse, where optical systems are used to directly generate 
microwave signals. In both cases the advantages of the optical domain, 
such as low loss, high bandwidth, immunity to electromagnetic 
interference, and wide tunability [5, 52] enables unique capabilities, 
which might be too complicated or even impossible to achieve directly in 
the microwave domain.  

The wavelength range for the microwave domain is approximately 
from 1 millimeter up to 1 meter or frequencies between 300 MHz and 
300 GHz. In the optical domain, the wavelengths are typically in the 
order of 1 µm or frequencies around 300 THz. Thus, any minute change 
in the optical domain corresponds to a significant change in the RF 
domain. 

In this chapter, we will only discuss two different applications of 
MWP. In section 3.1, a photonic scanning receiver is demonstrated, 
which optically determines the instantaneous frequency of an RF-signal 
over a broadband range. In section 3.2, a microwave signal is generated 
directly from an optical fiber source and is actively tuned. 

Both applications are based on the frequency mixing described in 
section 2.4 in relation to interferometers. For the frequency measurement, 
an optical signal at 1545 nm is modulated by a microwave signal with 
frequency 2-9 GHz. The modulation transforms the optical spectrum so 
that the optical carrier is surrounded by two side-lobes separated from the 
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central wavelength, by 15-70 pm according to eq. (2.64). By optically 
determining this separation, the microwave frequency is inferred.  

In the second application, two closely spaced optical signals are 
generated form a single source. When these two signals are heterodyned 
at a photodetector, the difference in wavelength generates a beat 
frequency proportional to the separation according to the same relation. 
Thus in order to generate signals in the range 2-20 GHz, the spectral 
separation between the two signals needs to be between 15-160 pm.  
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3.1. Photonic scanning receiver for microwave 
signals 

One possible application of MWP is in radar warning systems. There, an 
incoming hostile radar signal needs to be analyzed in order to determine 
its source and which threat it poses. A key component to this analysis is 
to determine the instantaneous frequency of the incoming signal. 
Typically, this is achieved electronically using spectral filtering and 
spectral analysis. However, since the incoming signal is hostile, its 
frequency is unknown a priori, and can reside anywhere in the frequency 
range 2-18 GHz. In order to cover the entire frequency range with 
sufficient resolution, the processing time may be prohibitively long. The 
compromises that can be made are to either reduce the resolution or the 
bandwidth, or to use multiple parallel analyzers, each covering a part of 
the spectrum. As the allowed size and weight of the system is typically 
limited, it is not advisable to simply duplicate the system to achieve the 
bandwidth. However, in the optical domain, 20 GHz is a very small 
frequency, only 10-5 of the optical frequency and thus, what is considered 
broadband in the microwave domain is considered narrowband in the 
optical domain. 

In order to determine the frequency of a microwave signal using 
optical systems, the frequency components need to be coupled to a 
measurement of the optical intensity. This can be done by utilizing a 
differential power measurement of two optical signals at different 
wavelengths, modulated by the same RF-signal and detected separately. 
By subjecting the two signals to e.g. different dispersions [53] or only 
modulating one of the signals with intensity modulation and the other by 
phase modulation, a predictable frequency dependence of the power can 
be measured [54]. The frequency can also be discerned by using four-
wave mixing in non-linear fibers [55] using similar amplitude 
comparisons. 

The technique we utilize is to use a scanning optical filter. When 
the filter is sufficiently narrow and scans the wavelength spectra where 
one of the sidebands is predicted to reside, with a repeatable range and 
speed, it is possible to map the microwave frequency to a time-sweep 
measurement. 
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3.1.1. Device construction 

In our experiments, we use a tunable, phase-shifted, chirped fiber Bragg 
grating (c.f. section 2.6 on FBGs). The grating has a 1 nm wide stop-band 
centered around a 54 MHz (0.4 pm) wide transmission peak at 
1545.05 nm as seen in Fig. 3.1.1. The relative rejection of the grating is 
~33 dB at 15 pm (2 GHz) away from the transmission peak. 
 

 

Fig. 3.1.1. Measured and simulated spectra of phase-shifted grating 
used in the experiments. The width of the transmission peak is only 

0.4 pm (54 MHz). 

 
The grating characteristics were simulated and optimized using home-
made software based on the transfer matrix method developed by 
Ingemar Petermann [40]. The grating is 50 mm long with a 1 nm chirp, 
centered around 1545.050 nm with a π-phase-shift in the middle, with a 
modulation depth of 𝛥𝑛~2 × 10−4. The grating is apodized using the 
Super-Gaussian function: 
 

 𝑤(𝑧) = 𝑒𝑥𝑝 �− �
𝑧 − 𝐿 2⁄

0.45 �
10

�. (3.1) 

 
The fiber used is a metal-filled two-hole fiber (c.f. section 2.2.5) and is 
fabricated using the technique described in section 2.6.2. After the grating 
writing, one of the 7-cm long metal electrodes inside the fiber is 
contacted through side-polishing of the fiber, and soldering of thin gold-
coated tungsten wires between the electrode and an SMA contact. The 
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fiber is then mounted on an aluminum substrate and covered with heat-
conductive paste. The electrical resistance of the fiber electrode is 
measured to be 43 Ω at room temperature. 
 

3.1.2. Device operation 

The frequency measurement using the photonic scanning receiver is 
based on the fact that the spectral separation between the carrier 
wavelength and the sidebands of a modulated optical signal is 
proportional to the modulation frequency, as seen in eq. (2.64). It is not 
necessary to determine the absolute value of the wavelength for the 
carrier and the sidebands, instead only a relative measurement of their 
spectral position is required. This is done by sweeping a transmission 
filter through the wavelength spectrum, where one of the sidebands of a 
modulated signal resides. The filter used in this experiment is the tunable 
DFB grating, shown in Fig. 3.1.1. The separation between the carrier 
wavelength and the transmission peak of the filter need to be swept 
between ~15 pm and ~150 pm (2 GHz-18 GHz). Ideally, the DFB grating 
characteristics would be designed to match a specific light source with a 
fixed wavelength so that the transmission peak of the filter is at a 
wavelength 150 ± 1 pm shorter than the laser wavelength. However, as 
the grating characteristics are determined during fabrication, the exact 
spectral position of the central wavelength cannot be selected with 
picometer accuracy. Typically, the achievable spectral accuracy is in the 
range of 10-100 pm. Thus, in order to obtain the desired separation 
between the carrier wavelength and the transmission peak of the filter, an 
adjustable laser source that can be spectrally tuned is used.  

The carrier wavelength is adjusted to the wavelength 1545.140 nm, 
which is 90 pm (11 GHz) away from the transmission peak of the grating, 
at 1545.050 nm. The range of 11 GHz, is selected as the optical 
modulator used is limited to below 10 GHz and a larger range is 
unwarranted. If the carrier is modulated at e.g. 9 GHz, the sidebands will 
be at 1545.068 nm and 1545.212 nm respectively centered around 
1545.140 nm. Since the stop-band of the DFB grating is 700 pm wide, 
between 1544.7 and 1545.4 nm, both sidebands will remain within the 
stop-band, even if the reflection spectrum shifts 180 pm (23 GHz) in 
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either direction. Thus, initially, both the carrier wavelength and the two 
sidebands are reflected by the stop-band at longer wavelengths than the 
narrow transmission peak of the grating, and no signal is transmitted. 
When an electrical current pulse is passed through the electrode of the 
component, the resistive heating causes the electrode to expand, which 
shifts the grating to longer wavelengths (c.f. section 2.3.4 on tuning of 
metal-filled FBGs). This shifts the transmission window of the DFB 
closer to the carrier wavelength and the sidebands. By adjusting the 
length of the applied electrical pulse, the shift of the filter can be limited 
between its original position at 1545.05 nm to 1545.12 nm. Thus the filter 
sweeps the RF-spectra between 11 GHz and 2 GHz. 

The spectral shift of the transmission spectra of the DFB induced 
by the applied electrical pulse is proportional to the temperature which in 
turn is proportional to the length of the pulse. As the electrode heats up, 
during the electrical pulse, the wavelength of the transmission peak shifts 
linearly in time. As the carrier signal is modulated at a specific, but 
unknown frequency, the spectral position of the sidebands is unknown. 
However, if the modulation frequency is between 2-11 GHz, the 
transmission peak of the grating will spectrally overlap one of the 
sidebands at some point during the sweep of the filter. When this occurs, 
an optical signal is transmitted through the grating and depending on the 
modulation frequency; this transmitted signal will appear at different 
times during the sweep. By measuring the transmitted signal, using a 
photodetector and an oscilloscope, an intensity peak will be recorded 
when the transmission peak overlaps the sideband. Thus, the microwave 
modulation frequency can be incurred from the time delay between the 
applied electrical pulse and the detected signal. 

When the electrical pulse is finished, the temperature of the fiber 
will reach a maximum before the deposited heat slowly dissipates from 
the fiber. As the fiber cools down, the DFB will shift back to its original 
spectral position and again transmit a signal when the transmission peak 
overlaps the sideband. However, since the thermal dissipation is 
exponential in time, the spectral sweep during the cooling is not linear in 
time, but instead follows an exponential decay curve. 
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3.1.3. Measurements 

The measurements are performed using the experimental setup depicted 
in Fig. 3.1.2. 
 

 

Fig. 3.1.2. Schematic setup of scanning photonic receiver. The 
amplified electrical pulse sweeps the FBG over the lower sideband 

while attenuating the other signals. 

 
The CW optical carrier signal is generated with an Ando AQ4321A 
tunable laser source (TLS), a tunable laser with 1 pm bandwidth, set to 
1545.85 nm (i.e. 80 pm above the transmission peak of the FBG). The 
carrier signal is passed through a commercial 10 GHz LiNbO3 Mach-
Zehnder modulator (JDSU Uniphase OC-192) which is fed with a CW 
RF-signal (Hewlett Packard 70340A Signal Generator 1-20 GHz). The 
modulator is biased at the quadrature-point with ~10 V to optimize the 
linearity [56]. The optical output of the modulator, i.e. the carrier and the 
dual sidebands are passed on to the tunable FBG activated by a 20 V, 250 
µs electrical pulse, provided by a signal generator (Hewlett Packard 
8116A pulse/function generator), applied to one of the 43 Ω electrode of 
the fiber. To ensure that all the heat was removed between the pulses, the 
repetition rate was kept very low, below 1 Hz. The transmitted light from 
the FBG is detected by an InGaAs photodetector (Thorlabs D400FC) and 
recorded by an oscilloscope (Tektronix TDS 3034). For calibration of the 
system, the output of the photodetector is monitored as various test 
microwave frequencies are applied to the modulator and the FBG is 
swept past the lower sideband, as seen in Fig. 3.1.3. The higher 
modulation frequencies are detected at the beginning of the sweep and the 
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lower the frequency, the later it is detected. From Fig. 3.1.3 (b), we see 
that initially the sweep is linear in time with a speed of 33 MHz/µs up 
until 250 µs when the applied pulse stops. After this, the filter continues 
to shift, but with a reduced speed, as the heat dissipates through the fiber. 
Since the modulator is limited to <10 GHz and only gave a measurable 
signal for frequencies below 9 GHz, the data is extrapolated to the initial 
position at 11 GHz at t=0. 
 

 

Fig. 3.1.3. (a) Measured signal at different modulation frequencies 
when sweeping the FBG from 11-2.5 GHz. (b) Time of detection for 
the different frequencies. The filter initially sweeps linearly but slows 

down when approaching its maximum. 

 
When the deposited heat continues to dissipate from the electrode and the 
fiber cools down, the grating transmission peak eventually returns to its 
original wavelength, which means that the spectrum is swept again. As 
the cooling is achieved through thermal dissipation, the return-sweep 
follows an exponential decay with a time constant of 𝜏 = 0.867 ms, as 
seen in Fig. 3.1.4. The data-points at 9-11 GHz are extrapolated using this 
exponential decay constant to estimate the time it takes for the component 
to return to its original state, approximately 10 ms. The resolution of the 
frequency measurement is approximately 50 MHz, limited by the 
bandwidth of the filter.  
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Fig. 3.1.4. (a) Measured signal at different modulation frequencies 
when fiber cools down and the FBG sweeps back from 2-11 GHz. (b) 
Time of detection for the different frequencies. The shift of the FBG 

exponentially decays with a time constant of 𝜏 = 0.867 ms. 

 

3.1.4. Conclusion and outlook 

The photonic scanning receiver described here can determine the 
frequency of an unknown RF-signal with an accuracy of ~50 MHz. The 
sweep speed to scan a broad RF range can be even faster than shown here 
(250 µs) limited only by the shape of the electrical pulse. As the electrode 
needs to be heated to a certain temperature to induce a certain shift of the 
spectra, the amplitude of the electrical pulse determines the applied 
power. The length of the pulse, determines how much energy is deposited 
given a certain electrical power. Thus, by increasing the voltage by a 
factor of two, the length of the pulse can be shortened by a factor of four 
while the excursion of the filter remains the same. 

However, there is a feature available in the optical domain which 
cannot be easily used in the microwave domain. Since the propagation 
losses in optical fibers are several orders of magnitude smaller than for 
microwave transmission (0.2 dB/km for optical fibers compared to a few 
dB/m for electrical cables at high frequencies), it is possible to perform 
optically multiple consecutive measurements on the same signal. This can 
be done by splitting the modulated optical signal in two, or more, 
identical copies. The first copy is subjected to the coarse optical 
measurement described above to obtain a microwave frequency range 
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which harbors the RF-signal. During this sweep, the second copy is 
passed through a delay line consisting of a long reel of optical fiber as 
depicted in Fig. 3.1.5. The frequency information obtained from the 
optical sweep is used to tune the electronic filters while the second 
replica is delayed.  
 

 

Fig. 3.1.5. Schematic setup of primary and secondary frequency 
measurement.  

 
The time of the sweep is proportional to the duration of the applied 
electrical signal, in our case 250 µs. In order to allow for an electronic 
detection of the replica of the signal measured with the photonic filter, the 
second copy has to be delayed more than this. The length of the delay line 
depends on how fast the electronics can be tuned to the appropriate 
frequency range as the entire photonic frequency sweep need to be 
finished before the second frequency measurement begins, otherwise, 
signals detected late in the photonic scan, may be missed by the 
electronics. For a 250 µs delay, a 50 km long reel of fiber can be used. 
The attenuation for propagation in optical fiber is typically 0.2 dB/km or 
0.04 dB/µs. Thus 250 µs propagation in optical fibers attenuates the 
signal by ~10 dB, and the intensity of the remaining signal is still 
sufficient to perform a measurement. If necessary, the optical signal can 
easily be amplified by up to 30 dB using a commercial optical amplifier. 
Using the information obtained by measuring the frequency of the first 
copy of the signal, the filters used for analyzing the second copy can be 
tuned to the appropriate frequency range within these 250 µs and a high 
resolution, narrowband analysis can be performed. If even further 
resolution is required, the modulated signal can be divided again after the 
delay line and possible amplifiers to allow for even more measurements 
on another replica of the signal. 
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3.2. Tunable photonic microwave generation 
Microwave signals are readily generated using electronics with high 
accuracy and tunability. However, when transmitting an RF-signal in 
cables over extended distances, the attenuation becomes significant. In 
free space, RF transmission is possible as long as free line-of-sight can be 
obtained. Alternatively, the microwave signal can be transformed into the 
optical domain and transmitted over vast distances with very low loss, 
using optical fibers. At the output of the fiber, the microwave signal is 
detected and the RF-signal is obtained again. 

However, for high frequency microwave signals, expensive optical 
modulators are required to transform the RF-signal to the optical domain. 
Another option is to directly generate the RF-signal from the optical 
domain, without the need of a modulator. If two optical signals with 
adjacent wavelengths are detected simultaneously in a photodetector, the 
small wavelength difference generates a beat frequency in the microwave 
domain, in a process known as heterodyning. This can be advantageous in 
radio-over-fiber applications [57] where the low transmission loss and 
insensitivity to electromagnetic fields allow for transmission over long 
distances or through harsh environments. 
 

3.2.1. Device operation 

In order to obtain the RF-beat-frequency by detecting two simultaneous 
optical signals, it is necessary that the relative phase between the signals 
is fixed or varies slowly. If the two wavelengths are generated by 
separate, independent sources, great care needs to be taken to reduce the 
relative frequency jitter between them [58]. 

In the experimental setup, the dual wavelengths are generated 
using commercial erbium doped fiber amplifiers (EDFA). Due to the 
homogenous broadening of the EDFA, simultaneous lasing at multiple 
wavelengths is typically difficult to achieve. This can be overcome by 
introducing inhomogeneities in the cavity, e.g. semiconductor optical 
amplifiers [59]. Alternatively, polarization hole burning can be used, 
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where the first wavelength to lase depletes the gain for one polarization, 
leaving gain for the orthogonal polarization state [60]. 

In our experiment, we use a tunable, birefringent, phase-shifted, 
fiber Bragg grating (DFB grating) to filter out two wavelength in 
different polarization states and use a polarization splitter to separate the 
two states in order to amplify them separately in two independent 
EDFAs. If all the fibers, including the erbium doped fibers, had been 
polarization maintaining, only a single amplifier would be required. In 
section 3.1, a DFB grating was used as a narrow sweeping filter, where 
only one polarization of the light was used. However, the electrodes of 
the DFB grating induce a slight birefringence. This causes two 
transmission peaks of the DFB grating at wavelengths separated by 
Δλ~42 pm at room temperature for the two orthogonal polarizations, 
corresponding to a birefringence of approximately 𝐵~4 × 10−5, as seen 
in Fig. 3.2.1. This causes a beat-frequency of 5.25 GHz according to eq. 
(2.64). 
 

 

Fig. 3.2.1. Transmission spectra of DFB grating for (a) fast axis, (b) 
elliptical polarization, (c) slow axis. 

 
When the DFB grating is tuned by applying DC current to one internal 
electrode, the refractive index of the core increases, due to the thermo-
optic effect, and the grating red-shifts (c.f. section 2.3.3). However, the 
expanded electrode also induces mechanical stress, which alters the 
refractive index through the elasto-optic effect (c.f. section 2.3.2). Since 
the electrode is positioned off-center, the induced mechanical stress is 
anisotropic, introducing a shift in the birefringence [61]. This tunes the 
beat-frequency as, which is linearly proportional to the birefringence. 

A schematic of the polarization-split laser cavity can be seen in 
Fig. 3.2.2. The cavity consists of two distinct part, separated by a 
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polarization splitter/combiner depicted as ‘x + y’ in the figure. If we 
follow the x- (y-) polarization, light is generated in the left (right) 
amplifier (EDFA, GN Nettest Fiberamp BT-17). The output from the 
amplifier is passed through a polarization controller (PC) to align its 
polarization along the x- (y-) direction of the polarization splitter and then 
through a 1-nm wide Fabry-Pérot filter (FP) to suppress the wide 
amplified spontaneous emission (ASE) of the EDFA. The light then 
enters a 3 dB coupler, where half the light exits to the output, and the 
other half enter the polarization splitter. The output of the polarization 
splitter enters port 2 of a circulator, and circulates unidirectionally 
through the birefringent DFB grating and a thermally adjusted FBG filter, 
as shown in Fig. 3.2.2. 
 

 

Fig. 3.2.2. Schematic setup of dual wavelength, polarization-split laser 
cavity. 

 
The filter consists of a 70-pm wide FBG, seen in the black trace of Fig. 
3.2.3, which suppresses the light outside the stop-band of the DFB, seen 
in the red trace of Fig. 3.2.3. A temperature controlled oven ensures that 
the FBG is spectrally adjusted to match the DFB grating. The light 
transmitted through the FBG is terminated by an angled cleave, to avoid 
unwanted reflections. 
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Fig. 3.2.3. Adjustable FBG with a reflection band matched to the 

transmission peaks of the DFB grating. 

 
The reflected light from the FBG enters port 2 of the second circulator 
and exits through port 3 where another polarization controller ensures 
that the x- (y-) polarization is aligned to the slow (fast) axis of the DFB 
grating. After the DFB grating, another polarization controller ensures 
that the x- (y-) polarization is aligned with the x- (y-) direction of the 
polarization splitter. To exit the loop mirror, the light passes through the 
first circulator again from port 1 to port 2 and then continues to the 
polarization splitter. The light then returns to the 3 dB coupler and enters 
the EDFA again. The amplifiers have built-in isolators so that light 
entering from the wrong direction is strongly attenuated. The output from 
the laser cavity at the third 3 dB coupler, will contain the two 
wavelengths associated with the two transmission peaks of the DFB 
grating for the two polarization states. The optical spectra is measured 
with an optical spectrum analyzer (OSA, ANDO AQ6351B). A 
photodiode is used to obtain the beat-frequency, which is recorded by an 
electrical spectrum analyzer (ESA, Anritsu Spectrum Analyzer MS710C). 
 

3.2.2. Measurements 

The optical spectrum shows a stable dual-wavelength operation during a 
15 minute measurement, while the ESA shows the beat signal at the 
expected frequency at 5.245 GHz with a rejection ratio of 45 dB, as seen 
in Fig. 3.2.4. The slight increase of the beat-frequency with the slope 2 
MHz/minute can easily be attributed to an increase of the ambient 
temperature. Measurements on similar components show that the 
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temperature dependence of the birefringence is 𝐵~1.4 pm/K [61]. The 
shift of 2 MHz/minute thus corresponds to a shift in the wavelength 
separation of 𝛥𝜆 𝛥𝑡⁄ ~16 fm/min, or a shift in temperature of 
𝛥𝑇 𝛥𝑡⁄ ~11 mK/min. 
 

    

Fig. 3.2.4. Output from the laser cavity (a) Stable dual wavelength 
operation during 15 minutes. (b) Measured beat-frequency at single 

point. (c) Time evolution of beat-frequency during 15 minutes. 

 
To utilize the tuning capabilities provided by the internal electrodes of the 
DFB grating fiber, a slowly varying low voltage is applied to the 
electrode while measuring the beat-frequency. The voltage is applied in a 
triangular signal varying between 0-2 V with a frequency of 2.25 mHz 
using a signal generator (Hewlett Packard 8116A pulse/function 
generator). The maximum voltage is limited to ensure that the 
temperature of the electrode never reaches its melting point at 137 °C. In 
hindsight the safety margin may have been a bit too pessimistic. When 
the voltage varies, the microwave signal shifts proportionally to the 
square of the voltage, and the beat-frequency can be tuned ~150 MHz, as 
seen in Fig. 3.2.5. It can be noted that the mean value of the beat-
frequency slowly drifts to higher frequencies with the slope of 2.5 
MHz/minute, again attribute to the increase of ambient temperature. To 
remove this drift, active cooling, e.g. with a Peltier element, can be used. 

There is a noticeable difference between the mean beat-frequency 
for the stationary measurement and the measurement of the tuning, 
amounting to 200 MHz. This corresponds to approximately 1.1 °C of 
temperature difference between the measurements which is not 
unreasonable since the measurements were performed on different days. 
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Fig. 3.2.5. Experimental data (square) and fit curve (red line) of time 
dependence of tunable beat-frequency. 

 

3.2.3. Conclusions and outlook 

The demonstrated polarization-split, dual-wavelength laser cavity shows 
a stable output, which is used to generate a ~5 GHz beat-frequency. The 
alignment of the system required certain care, since four interdependent 
polarization controllers were employed in the setup. However, this can be 
circumvented if polarization maintaining fibers are used. 

The tuning range of the beat-frequency was disappointingly small 
since great care had to be taken to avoid damaging the tunable DFB 
grating, as it were to be used in a different experiment later on. As a rule 
of thumb, a bare silica fiber, suspended in air can be subjected to 2 V of 
DC before the electrode melts and this was used as a conservative 
damage threshold. However, the fiber is not bare or suspended in air, but 
instead mounted on an aluminum substrate and covered with heat 
conductive paste, which significantly increases the heat dissipation and 
thus the maximum voltage that can be applied. To estimate the maximum 
tuning range that should be possible to achieve, studies on similar 
components were performed, as described in the following subsections. 

3.2.3.1. Birefringence at elevated ambient temperatures 

Prior work involving similar components have shown that by placing the 
metal-filled fiber in a temperature controlled oven, the refractive index 
increases with temperature, however, so does the birefringence. By 
heating the fiber from room temperature to 96 °C, the peak separation 
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induced by the birefringence increased linearly from 26 pm to 104 pm 
corresponding to a beat-frequency shift from 3.25 GHz to 13.05 GHz, i.e. 
a tuning range of nearly 10 GHz [61]. If the temperature would be 
increased further to 137 °C, the peak separation could possibly be 
extended to 125 pm (assuming a continued linear relation between the 
temperature and the birefringence) or 15.5 GHz. thus the tuning range 
should be possible to extend to approximately 12.5 GHz. 
 

3.2.3.2. Electrical damage threshold of electrodes 

If an electrical current is passed through the electrode, the resistance 
results in ohmic losses and resistive heating. The electrical resistance 
depends on the temperature of the electrode. This dependence is obtained 
by measuring the resistance at various temperatures. This is done by 
measuring the current when applying a small probe voltage of 90 mV, 
and calculating the resistance through 𝑅 = 𝑈/𝑖(𝑡) as the fiber is placed 
inside a temperature controlled furnace. The results and an exponential 
curve fit can be seen in Fig. 3.2.6(a). By using this curve fitting, the 
temperature of the electrode can be estimated by measuring the current 
through the electrode when applying higher voltages at room 
temperature. The significance of this measurement is that the 
current/voltage measurement allows using fibers with internal electrodes 
with a calculated thermometer function. 

This measurement is performed destructively on a dummy fiber 
without any grating imprinted on it, to obtain an estimate of the damage 
threshold. Progressively higher voltages are applied to the electrode, 
while allowing the temperature to reach a steady state in between, as seen 
in Fig. 3.2.6(b). 
The measurements at 8, 12, 15, and 16 V are carried out consecutively 
without allowing the component to cool down to room temperature in 
between. On the other hand, the 2, 4, and 17 V measurements are carried 
out starting from room temperature. As can be noted, even at 17 V, the 
component lasts for up to one hour without breaking. When the voltage 
was increased to 18 V, the electrode broke before any further 
measurements could be performed. A second component was subjected to 
10 minutes at 17 V without breaking, but as the voltage was increased to 
17.5 V, the electrode broke rapidly. 
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Fig. 3.2.6. (a) Dependence between ambient temperature and electrical 
resistance of the fiber electrode. (b) Calculated temperature of 

electrode from change in electrical resistance when applying a DC 
voltage. 

 
From these measurements it seems then that the voltage applied to the 
electrode in the DFB grating fiber could be extended to 17 V, i.e. an 
increase in voltage by a factor of 8.5 and an increase in electrical power 
by a factor of 8.52~72. The expected tuning range of the beat-frequency 
should be extended by the same factor. In the RF measurements, the 
demonstrated tuning range is only 150 MHz, but with a higher voltage of 
17 V, the maximum range could be extended up to 10.8 GHz, based on 
these results. 
 

3.2.3.3. Numerical simulations 

To evaluate the thermal behavior of the fiber when a DC current is 
applied to the electrode, numerical simulations are employed with the 
same physical model as described in section 2.3.4.1 using a single 2-hole 
fiber filled with Bi-Sn and surrounded by a 1 mm thick layer of silicone 
rubber. The simulation results are shown in Fig. 3.2.7 for the applied 
voltage, temperature increase, and resulting beat-frequency, along with a 
depiction of the temperature distribution in the fiber. 

The simulations accurately model the variations of the beat-
frequency, except the linear drift associated to the increase of the ambient 
temperature. To achieve the 150 MHz tuning range, the temperature of 
the electrode only increases by 𝛥𝑇~1 K. As the electrode can withstand 
up to 137 °C before breaking, the tuning range should be possible to 
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increase by a factor of 100, i.e. increase the temperature by 100 K and 
thus increase the beat-frequency by 15 GHz. The increase in the 
deposited heat should be accompanied by active temperature 
stabilization, for example with a Peltier element. Note that in the 
simulations using COMSOL Multiphysics, the applied voltage and 
typical material parameters, as described in section 2.3.4.1, are given, but 
the resulting temperature increase is obtained without the adjustment of 
any free parameters. 

 

            

    

Fig. 3.2.7. Simulation results (a) Applied slowly time-varying voltage. 
(b) Resulting temperature in the electrode and the fiber core.  

(c) Resulting beat-frequency calculated from refractive indices.  
(d) Temperature distribution in the fiber. 

3.2.3.4. Outlook 

Even though the fiber based tunable photonic microwave generator only 
shows a modest tuning range of 150 MHz around ~5.5 GHz, the 
application of higher voltages would enable tuning from 5-15 GHz, 
although a wider FBG filter might be required, as the present filter only 
has a 70-pm (8.75 GHz) wide reflection band. 

Further simplifications of the setup could involve the use of 
polarization maintaining fibers, to avoid relying on polarization 
controllers in the setup. 
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Chapter 4.  
 
Monolithic fiber 
interferometer sensors 

A monolithic fiber interferometer can consist of a multimode fiber used 
as an interferometer. As the modes of a multimode fiber have different 
propagation speeds, they will interfere constructively or destructively 
along the fiber. The multiple modes can either be multiple transverse 
modes, supported by the fiber if the core is large enough or the difference 
in refractive index between the core and the cladding is sufficiently large. 
However, the multiple modes can also consist of a discrete set of 
supermodes, supported by a multicore structure, where the light is 
allowed to couple back and forth between the cores. The geometry of the 
fiber is typically fixed during the fabrication, but the refractive index can 
be tuned through external perturbations as described in section 2.3. As the 
different modes have different dependence on the distribution of the 
refractive indices, any change in the distribution will lead to a shift in the 
interference between the modes. This shift can then be utilized as a 
sensing mechanism for e.g. temperature or mechanical stress. 

This chapter describes in section 4.1 the application of a twin-core 
fiber as a high temperature sensor.  
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4.1. High-temperature twin-core fiber sensor 
Fiber optic temperature sensors provide an inherent advantage over 
traditional electronic sensors regarding size, weight, and resilience to 
harsh environments. In particular, in airplanes, weight and size 
requirements are critical and multiple fiber sensors can be embedded into 
the wings and the hull for stress or temperature measurements. In metal 
processing industries, especially for aluminum, very high electrical 
currents are employed which can interfere adversely with electronic 
temperature sensors. A fiber-based temperature sensor is immune to 
external electrical fields and would not be affected. 

The primary fiber optic point sensor is the fiber Bragg grating 
(described in section 2.6). However, the most common version, the type I 
grating, can only operate up to 300 °C, after which the inscribed grating 
begins to be erased. By using type II gratings [62] or chemical 
composition gratings (CCGs) [43], the temperature range can be 
increased to over 1000 °C. However, type II gratings typically require a 
point-by-point inscription using femtosecond lasers, and the CCGs 
require a time-consuming high-temperature treatment during the 
manufacturing. An alternative is to use fiber interferometers [63], such as 
Fabry-Pérot interferometers based on small fiber tip cavities [64] or 
Michelson interferometers based on mode-field mismatch [65, 66] or 
polarization [8]. Photonic crystal fibers have also been demonstrated as 
Mach-Zehnder temperature sensors, thermally annealed to operate up to 
1000 °C [67]. In our experiment, we utilize a short piece of twin-core 
fiber (TCF) with one central and one off-axis core, as a Michelson 
interferometer for high-temperature sensing. Previous experiments using 
TCFs as temperature sensors have been limited to below 150 °C [68, 69] 
but by using a heat treatment, the sensor is demonstrated to operate up to 
700 °C. 
 

4.1.1. Device construction 

The temperature sensor consists of a small piece of TCF spliced to a long 
section of SMF28 using an Ericsson FSU 925 or a Vytran GPX-3400 
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splicing machines. The SMF28 acts as a lead fiber to both deliver and 
retrieve the optical signal. The short piece of TCF is cleaved to ~4 cm 
length leaving a flat end-surface providing a ~4% reflection, due to the 
glass/air interface. A schematic of the device can be seen in Fig. 2.2.1 
along with an illustration of the coupling between the cores. The principle 
exploited is that the condition for constructive interference depends not 
only on the TCF length but also on the temperature. 
 

 

Fig. 4.1.1. Schematic of TCF probe with simulated coupling between 
the cores 

 
The entire length of the TCF, and a long piece of the SMF lead fiber, are 
mechanically stripped of its acrylate coating since the coating cannot 
withstand the high temperatures to which the fiber is later subjected. 
Since the fiber tip is bare, light unpurpously launched into the cladding 
due to a misaligned splice may propagate as air-guided cladding modes, 
instead of being attenuated by the coating. To avoid these cladding 
modes, the core alignment during splicing of the TCF to the SMF needs 
to be very accurate. Besides, the cleaved fiber ends need to be very flat to 
avoid angled cleaves, which complicates fiber splicing and reduces the 
reflected signal. 
 

4.1.2. Device operation 

The TCF guides light in and supports supermode propagation due to the 
close proximity of the cores, as described in section 2.7. As the two 
supermodes propagate at slightly different velocities, the light couples 
back and forth between the cores. If light is only launched into one of the 
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cores, noted here as core A, the optical power in each core after 
propagation distance 𝐿 will be: 
 

 𝑃𝐴 = 𝑐𝑜𝑠2(𝐶𝐿) ,
𝑃𝐵 = 𝑠𝑖𝑛2(𝐶𝐿) ,

 (4.1) 

 
where 𝐶 is the coupling coefficient, which can be described as: 
 

 𝐶=
𝜋
𝜆

(𝑛𝑠 − 𝑛𝑎) =
𝜋
𝜆 𝛥𝑛, (4.2) 

 
where 𝜆 is the optical wavelength and 𝑛𝑠 and 𝑛𝑎𝑠 are the effective 
refractive indices for the symmetric and anti-symmetric supermodes 
respectively. As can be noted, the coupling is wavelength dependent and 
by measuring a broadband spectrum of the signal, a sinusoidal 
interferogram is obtained. Since the effective refractive indices for the 
two modes, depends on both the core radii, core separation, and refractive 
index of both cores as well as the cladding, any perturbation of these 
parameters is expected to change the interference. If we assume that both 
the thermo-optic effect and the thermal expansion come into play, we 
have the relations [67]: 
 

 𝛥𝑛(𝑇) ≈ 𝛥𝑛(𝑇0) +
𝜕𝛥𝑛
𝜕𝑇 𝛥𝑇, (4.3a) 

 𝐿(𝑇) ≈ 𝐿(𝑇0) �1 +
1
𝐿
𝜕𝐿
𝜕𝑇 𝛥𝑇�. (4.3b) 

 
where (1 𝐿⁄ )(𝜕𝐿 𝜕𝛵⁄ ) = 𝛼𝐿 = 5.5 × 10−7 𝐾−1 is the thermal expansion 
coefficient of silica. The temperature dependent phase, 𝜑 = 𝐶𝐿, of the 
interferogram will be: 
 

 
𝜑(𝑇) =

𝜋
𝜆 �𝛥𝑛

(𝑇0)𝐿(𝑇0) + 𝐿(𝑇0)
𝜕𝛥𝑛
𝜕𝑇 𝛥𝑇�

+ �𝛥𝑛(𝑇0)𝛼𝑇 + 𝐿(𝑇0)
𝜕𝛥𝑛
𝜕𝑇 𝛼(𝛥𝑇)2� .

 (4.4) 
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Since the effective refractive index cannot readily be solved analytically, 
numerical modeling using COMSOL Multiphysics is used to estimate it, 
along with its temperature dependence. The two cores and the cladding 
are assumed to have the same thermo-optic coefficient, namely 
(1/𝑛) 𝑑𝑛 𝑑𝑇⁄ = 6.5 × 10−6 𝐾−1 since the cores consists of 97% silica, 
with 3% germania doping, and the cladding consists of 100 % silica. The 
room temperature refractive indices for the cores and the cladding are 
assumed to be 𝑛𝑐𝑜𝑟𝑒 = 1.449 and 𝑛𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔 = 1.444, respectively, and 
the core radii and core separation are assumed to be 4 µm and 16 µm, 
respectively. Using these values the effective refractive index differences 
for the symmetric and anti-symmetric super-modes at 20 °C and 700 °C 
are calculated to be: 
 

 𝛥𝑛(20 °𝐶) = 1.0484 × 10−4,
𝛥𝑛(700 °𝐶) = 1.0277 × 10−4.

 (4.5) 

 
This gives 𝜕𝛥𝑛 𝜕𝛵⁄ = −3.044 × 10−9 𝐾−1, i.e. 𝜁 = (1 𝛥𝑛⁄ )(𝜕𝛥𝑛 𝜕𝛵⁄ ) 
= −2.9 × 10−5𝐾−1. Since the thermal expansion coefficient 𝛼𝐿 is two 
orders of magnitude smaller than the thermo-optic coefficient, it will be 
neglected from now on. So will the second order term in eq. (4.4), as it is 
negligible in magnitude. If we assume that the wavelength range (𝛥𝜆) in 
question is much smaller than the central wavelength (𝛥𝜆 ≪ 𝜆0), the 
periodicity of the interferogram can be assumed constant and equal to: 
 

 𝛬 =
𝜆02

𝛥𝑛(𝑇0)𝐿(𝑇0). (4.6) 

 
It can be noted that longer TCF devices have shorter spectral periods, so 
the sensor length can be chosen for convenient spectral analysis. The 
phase can be rewritten as: 
 

 𝜑(𝑇) =
𝜋𝜆
𝛬 + 𝛥𝜃, (4.7) 

 
where 
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 𝛥𝜃 =
𝜋
𝜆0
𝛥𝑛(𝑇0)𝐿(𝑇0)𝜁(𝑇0)𝛥𝑇, (4.8) 

 
is the change of the phase with relation to the initial temperature. The 
temperature shift of a specific point in the interferogram, e.g. an 
interference minimum is given by: 
 

 

𝜑(𝑇0, 𝜆1) = 𝜑(𝑇0 + 𝛥𝑇, 𝜆2),
𝜋𝜆1
𝛬 =

𝜋𝜆2
𝛬 + 𝛥𝜃,

𝛥𝜆𝑚𝑖𝑛 = 𝜆2 − 𝜆1 = −
𝛬
𝜋 𝛥𝜃 = −𝜆0𝜁(𝑇0)𝛥𝑇.

 (4.9) 

 
As the numerical simulations predicts that 𝜁(𝑇0) is negative, the 
interferogram shifts to longer wavelengths for increased temperature and 
the calculated sensitivity is 𝛥𝜆 𝛥𝑇 ≈ 46.4 pm/K⁄ .  
 

4.1.3. Measurements and thermal stabilization 

The measurement of the temperature using the TCF is performed using a 
white-light source (WLS, NKT Photonics SuperK Compact) and an 
optical spectrum analyzer (OSA, ANDO AQ6317B). The WLS and the 
OSA are connected to the TCF through a circulator so that the 
interference spectra of the fiber can be recorded in reflection. The OSA 
records a broadband spectrum once every minute while a thermocouple 
registers and records the temperature. As the piece of TCF is longer than 
the beat-length of the fiber, there will be a periodic variation in the 
reflected intensity with respect to the wavelength. By monitoring the 
progression of a specific point in the interferogram, e.g. a maximum or 
minimum, the temperature shift can be discerned. Alternatively, a single 
wavelength can be used by simply recording the reflected power. The 
reflected signal will depend sinusoidally on the temperature which allows 
a mathematical transformation of the signal to obtain the temperature. 
Even though the light source is unpolarized, little or no polarization 
dependence is observed in the measurements. 
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Several different TCF temperature sensors are constructed and 
evaluated. The first component consists of a 4-cm long piece of TCF 
spliced to an SMF using an Ericsson FSU 925. The fiber is placed in a 
temperature controlled oven and heated to 300 °C, while the spectrum 
and temperature are monitored. The spectra at room temperature prior to, 
and following the measurement, along with the one measured at 300 °C, 
are shown in Fig. 4.1.2. As can be noted, there are two superimposed 
interference patterns in the figure, the larger with a period of ~70 nm with 
modulation depth of ~5-10 dB. The smaller modulation has a period of 
~15 pm with modulation depth of ~0.5 dB. The larger interference pattern 
corresponds to the expected behavior of the TCF with respect to the 
coupling length, although with a slightly shorter period than predicted by 
the simulations. 
 

 

Fig. 4.1.2. Optical spectra of 4-cm-long TCF sensor at room 
temperature (RT), heated to 300 °C and back at RT. A single 

maximum peak is tracked during heating. 

 
The high frequency oscillations are not predicted in the TCF structure, 
but are most likely caused by cladding mode interference, stemming from 
a misaligned splice. By tracking a local maximum, the wavelength shift 
can be discerned, which can be seen in Fig. 4.1.3(a). The black trace 
shows the temperature reading of the electronic thermocouple, where as 
the red trace shows the wavelength shift of the interference maximum. 
The relation between the wavelength shift and the temperature of the TCF 
is given by eq. (4.9) and is expected to be linear. However, as can be seen 
in Fig. 4.1.3(b), the temperature dependence is not linear but instead 
quadratic. By making a second-order polynomial curve-fit of the 
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wavelength shift during the heating ramp of the first 4.5 hours of the 
measurement, the wavelength shift of the entire measurement can be 
matched to the thermocouple, as can be seen by the green trace in Fig. 
4.1.3(a). 
 

     

Fig. 4.1.3. (a) Wavelength shift of TCF fitted to temperature and 
temperature reading of thermocouple. (b) Temperature dependence of 

wavelength shift with second order polynomial fitting. 

 
This second order polynomial is given by: 
 
 𝛥𝜆[𝑛𝑚] = −1.02 + 0.04397𝛥𝑇 + 7.83411 × 10−5 𝛥𝑇2, (4.10) 
 
which shows that for low temperatures, the wavelength shift closely 
follows the simulated value of 𝛥𝜆 𝛥𝑇 ≈ 46.4 pm/K⁄ . However, at 
elevated temperatures, the shift increases. The reason for this discrepancy 
is that the point tracked in this way, is not the shift of the twin-core 
interference spectra, but the shift of the cladding mode interference. 

By performing a low-pass Fourier filtering of the spectrum, only 
retaining periods larger than e.g. 45 nm, the high frequency oscillations 
are removed, as seen in Fig. 4.1.4. The shift of the low frequency 
oscillations can now readily be tracked. 
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Fig. 4.1.4. Interference spectra of 4 cm TCF and a low-pass Fourier 
filtering of the signal. 

 
The entire spectrum shifts equally with temperature and by only tracking 
a single minima e.g. around 1620 nm, as seen in Fig. 4.1.5(a), the 
temperature dependence of the shift is obtained, as seen in Fig. 4.1.5(b). 
 

      

Fig. 4.1.5. (a) Shifting spectra of TCF when heating the fiber. (b) 
Wavelength shift of local minima due to increased temperature along 

with linear curve fit. 

 
As can be seen, the interferogram shifts linearly with temperature with a 
slope of 36 ± 0.3 pm/K when increasing the temperature from room 
temperature to 300 °C. The spectral shape is not affected by the 
temperature increases and the periodicity remains constant. By using the 
approximated temperature dependence of the wavelength shift, the 
measurement is compared to the thermocouple reading, as seen in Fig. 
4.1.6. The relative deviation from the thermocouple reading is only 1.1%. 
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The maximum wavelength shift noted for the filtered signal is only 
approximately half of that for the unfiltered signal, i.e. ~10 nm instead of 
~20 nm. This difference can be explained by examining the origin of the 
interference and its tuning. The TCF interference is due to the small 
difference in propagation constant between the two supermodes, where 
the differences mainly stem from the cladding region between the cores. 
For the cladding mode interference, one of the modes is mainly 
propagating in the cladding, while the other mode propagates in the core. 
The difference in distribution of the optical intensity in this case is 
significantly larger than for the two supermodes and the interference is 
expected to be more susceptible to variations of the refractive index. As 
the shift of the unfiltered signal has a non-linear dependence of the 
temperature, this discrepancy will be enhanced at higher temperatures. 
Since the high frequency oscillations are assumed to be caused by 
cladding mode oscillations, these will not be further investigated, but 
instead suppressed by filtering, and in the experiments with more precise 
fiber splices. 
 

 

Fig. 4.1.6. Time evolution of temperature and interferogram shift. The 
TCF accurately follows the temperature reading during the entire 

measurement. 

 
A second 4-cm long TCF component is prepared using a Vytran LDS-
1250 cleaver and a Vytran GPX-3400 splice unit. This equipment allows 
a better fiber cleave and a more accurate fiber splice alignment, so that 
the high frequency oscillations can be reduced, as can be seen in Fig. 
4.1.7. The spectrum is normalized with respect to the input light from the 
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white light source. The remaining high frequency oscillations are 
suppressed by using the same Fourier filter as before. 
 

 

Fig. 4.1.7. Interference spectrum of the second 4 cm TCF and a low-
pass Fourier filtering of the signal. 

 
A minimum around 1600 nm is tracked while the TCF is heated to 
700 °C, as can be seen in Fig. 4.1.8(a). Initially, the spectra shifts linearly 
with a slope of 37.7 ± 0.4 pm/K, as can be seen in Fig. 4.1.8(b). However, 
as the temperature approaches 700 °C, the spectra begins to blue-shift 
significantly. 
 

      

Fig. 4.1.8. (a) Shifting spectra of TCF when heating the fiber. At the 
last measurement the spectra has shifted back 2 nm (b) Wavelength 
shift of local minima due to increased temperature along with linear 

curve fit. The last point is excluded from the curve fitting. 

 
The corresponding temperature measurement of the TCF can be seen in 
Fig. 4.1.9. During the heating ramp, the TCF closely follows the 
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thermocouple with a relative deviation of 1.8%. As the temperature 
approaches 700 °C, significant blue-shift of the spectra is observed, as the 
pattern shift deviates from the thermocouple reading. When the fiber 
cools down, this blue-shift is retained, and a hysteresis of over 6 nm is 
observed. 
 

 

Fig. 4.1.9. Time evolution of temperature and interferogram shift. The 
TCF accurately follows the temperature reading during the heating but 
at elevated temperatures, the spectra blue-shifts significantly leading to 

a large hysteresis. 

 
The blue-shift, which is activated at elevated temperatures, is believed to 
be caused by a relaxation of mechanical stresses introduced by the fiber 
drawing process. If this is the case, it should be possible to remove the 
hysteresis by annealing the fiber, and thus relaxing the residual 
mechanical stress. 

The annealing process is first implemented in these experiments by 
subjecting a piece of TCF to 15 minutes annealing at 1150 °C. The fiber 
is then cleaved and spliced at room temperature to the tip of an SMF lead 
fiber. However, due to the high-temperature treatment, the fiber glass 
becomes very brittle and difficult to cleave and splice. The result is a very 
poor splice which induces significant cladding modes, as seen in Fig. 
4.1.10. The TCF is still 4-cm long, but the interferogram is dominated by 
much higher frequency oscillations.  
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Fig. 4.1.10. Spectra of 4-cm long, thermally annealed TCF spliced to 
SMF at room temperature before and after measurement and at 600 °C. 

 
By tracking a local maximum, the shift for the cladding mode 
interference is obtained, as can be seen in Fig. 4.1.11(a). Once again, the 
wavelength shift is not linearly dependent on the temperature but follows 
a second order polynomial given by: 
 
 𝛥𝜆[𝑛𝑚] = −0.965 + 0.04642𝛥𝑇 + 9.6089 × 10−5 𝛥𝑇2, (4.11) 
 
as can be seen in Fig. 4.1.11(b). The parameters in eq. (4.11) are very 
similar to those in eq. (4.10), which strengthens the assumption that it is 
in fact the cladding mode interference which is measured. 
 

    

Fig. 4.1.11. (a) Wavelength shift of thermally annealed TCF fitted to 
temperature. (b) Temperature dependence of wavelength shift with 

second order polynomial fitting. 
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When attempting to filter out the high frequency oscillations using low-
pass Fourier filters, the measurements yield inconclusive results, where 
the position of the TCF interference minima is masked by the shifting 
maxima of the cladding mode interference, as can be seen in Fig. 4.1.12. 
 

 

Fig. 4.1.12. Temporal evolution of thermally annealed TCF heated to 
600 °C after low-pass Fourier filtering the signal. 

 
To avoid the issue of splicing the brittle annealed fiber, the fourth and 
final component consists of a 4-cm long TCF spliced to an SMF, using 
the Vytran GPX-3400 and subjected to several hours of annealing at 
900 °C prior to the measurement. 

During the first annealing process, which lasted 4.5 hours at 
900 °C, the online measurement of the spectrum was not possible. 
However, after the annealing is finished, the spectrum is measured, as 
shown in Fig. 4.1.13. The high frequency oscillations, associated with the 
cladding modes, are all but gone, suggesting a very good splice 
alignment. 
 

 

Fig. 4.1.13. Optical spectrum of TCF after 4.5 hours of annealing at 
900 °C. 
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The interference minimum close to 1600 nm is tracked, while the fiber is 
heated, as can be seen in Fig. 4.1.14(a). However, this time no low-pass 
filtering is employed. The position of the minimum shifts linearly with 
temperature, as seen in Fig. 4.1.14(b), with a slope of 43.5 ± 1.0 pm/K. 
 

         

Fig. 4.1.14. (a) Shifting spectra of thermally annealed TCF when 
heating the fiber to 700 °C. (b) Wavelength shift of local minima due 

to increased temperature along with linear curve fit. 

 
By using this linear curve fitting, the spectral shift is compared to the 
thermocouple reading in Fig. 4.1.15. The TCF accurately follows the 
thermocouple during the heating, but at 700 °C it begins to blue-shift, 
introducing a hysteresis. However, compared to the measurement in Fig. 
4.1.9, the hysteresis is only 1.1 nm instead of 6.7 nm even though the 
fiber is kept at 700 °C for over 2 hours instead of 45 minutes. 
 

 

Fig. 4.1.15. Time evolution of temperature and interferogram shift for 
thermally annealed TCF. 
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To further improve the sensor, the TCF is subjected to another round of 
annealing at 900 °C for 5 hours, and the results can be seen in Fig. 4.1.16. 
 

     

Fig. 4.1.16. (a) Spectral shift of TCF interferogram during second 
round of annealing at 900 °C. (b) Position of local minima during 

heating of fiber. (c) Time evolution of position of local minima during 
annealing process. Measurement stopped at 150 °C during cooling of 

the furnace. 

 
The interferogram of the TCF shifts linearly with a slope 44.0 ± 1.7 pm/K 
during the heating of the fiber. The reduced accuracy compared to the 
measurement at 700 °C can be attributed to the large step in the 
wavelength between the first and the second data point in Fig. 4.1.16 (b). 
This is a result of the rapid heating of the furnace, where the temperature 
is not allowed to stabilize at various steps during the heating. This may 
lead to different heating rates for the fiber and the thermocouple. The 
annealing still shows a significant hysteresis, as can be seen in the slope 
of the pattern shift in Fig. 4.1.16 (c) while the temperature is held 
constant at 900 °C. The furnace is turned off after ~6 hours and the 
measurement of the temperature and the optical spectra is interrupted 
after 9 hours when the furnace is cooled down to 150 °C. The fiber is left 
to cool down to room temperature without online measurements. 

After this second round of annealing, the TCF is used again to 
measure temperatures up to 700 °C. The spectral shift of the 
interferogram and the linear fit of the position of the minima can be seen 
in Fig. 4.1.17(a) and (b), respectively. 
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Fig. 4.1.17. (a) Spectral shift of twice annealed TCF interferogram 
when heating to 700 °C. (b) Position of local minima during heating of 

fiber. 

 
The slope of the linear shift is 44.8 ± 0.9 pm/K during the heating of the 
fiber and the time evolution of the spectral shift can be seen in Fig. 
4.1.18. As can be noted, the thermal annealing significantly reduces the 
hysteresis and the accuracy of the measurement is 2.1%. 
 

 

Fig. 4.1.18. Time evolution of temperature and interferogram shift for 
twice annealed TCF heated to 700 °C. 

 

4.1.4. Single wavelength power measurement 

The proposed setup in the previous section requires only a simple TCF as 
a measurement probe at the end of a long lead SMF. However, the use of 
a fiber probe with expensive equipment such as a super-continuum light 
source is prohibitive. Besides, the read-out system requires an expensive 
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optical spectrum analyzer in order to characterize the wavelength 
spectrum, and track the shift of the interference minima. 

Since it is known that the interference pattern is sinusoidal with 
respect to the wavelength, a shift of the spectrum will result in a 
sinusoidal variation of the optical power at a single wavelength. By 
measuring the optical power at a specific wavelength, e.g. at the position 
of a local minimum at room temperature, i.e. 𝜆 = 1586.42 nm in Fig. 
4.1.17, the temperature dependence of the optical power can be 
estimated, as seen in Fig. 4.1.19(a). The fitted sine function is given by: 
 

 𝑃[𝑛𝑊] = 2.81975 + 2.70075 × 𝑠𝑖𝑛 �
𝛥𝑇 − 465.84163

950.8745 �, (4.12) 

 
where 𝑃 is the optical power and 𝛥𝑇 is the temperature shift in degrees 
centigrade. By inverting this function to sin-1, the temperature of the TCF 
can be calculated, as seen in Fig. 4.1.19(b). The right hand axis shows the 
corresponding optical power measured at the different temperatures. 
 

       

Fig. 4.1.19. (a) Sinusoidal temperature dependence of detected optical 
intensity. (b) Comparison between thermocouple reading and power 

measurement of TCF (note right axis is non-linear). 

 
Due to the large noise level of the signal at room temperature, the 
accuracy of the measurement is only 3.25%. However, the complexity of 
the system is greatly reduced. 
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4.1.5. Conclusion and outlook 

The TCF were proposed as a viable temperature sensor several decades 
ago [69]. Even though the attention paid to this type of sensor has been 
dwindling, mostly due to the advent of FBGs and photonic crystal fibers, 
the TCF has not been used to demonstrate high-temperature 
measurements. In fact, most of the previous applications of TCFs used as 
temperature sensors have been conducted below 300 °C and thus 
avoiding the problems with hysteresis. The thermally annealed TCF 
offers a cheap, simple, single-point temperature sensor, which 
demonstrably can operate up to 700 °C and possible even up to 1000 °C, 
for an extended period of time. The single wavelength, power 
measurement allows for a simple and cheap read-out system, which only 
requires a diode laser and a power meter. 

The annealing process employed for this component, provides 
valuable insights which can be transferred to other high-temperature 
treatments of fiber, such as CCGs. Although a more thorough study needs 
to be conducted to obtain more general conclusions about the thermal 
process, the annealing procedure described here is useful for a number of 
other fiber sensors which aim studying high temperature intervals. 
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Chapter 5.  
 
Interferometers based 
on the Gemini fiber 

A fiber interferometer constructed from two independent fibers, 
connected to two fiber couplers, is very difficult to make broadband and 
mechanically stable. The bandwidth of the interferometer is determined 
by the optical path length difference between the two branches of the 
interferometer and to achieve more than 100 nm bandwidth, the 
difference need to be smaller than 15 µm. This can be very difficult to 
achieve when using two separate meter-long fibers. Additionally, since 
the two fibers are separate, mechanical vibrations and temperature 
fluctuations may inflict differently on the two fibers leading to a, 
significant fluctuation of the interference. 

By using a Gemini fiber, as described in section 2.2.3, both these 
limitations are resolved. Since the fiber consist of two parallel, 
independent optical waveguides in a single monolithic structure, equal 
pathlengths are easily achieved by simply cleaving the fiber to the desired 
length. Additionally, since the two waveguides are in contact, any 
external perturbation will affect both waveguides similarly, significantly 
increasing the stability. 

By constructing unbalance Michelson interferometers, consisting 
of a standard fiber coupler and a length of either two SMFs or a Gemini 
fiber, the stability can be evaluated as the fibers are subjected to a 
temperature gradient. The fibers are mounted vertically inside a furnace, 
which is cooling down from 60 °C to room temperature, while the power 
at a single wavelength is measured. The results can be seen in Fig. 5.1.1. 
It can be noted that the Gemini fiber exhibits significantly smaller time-
variations of the intensity compared to the two independent fibers. The 
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frequency content is obtained by Fourier transforming the time-varying 
signal. 
 

 

Fig. 5.1. Frequency content of time-varying signal seen in inset for a 
Michelson interferometer based on (a) Gemini fiber and (b) two 

independent SMFs. 

 
This chapter will describe the application of Gemini Mach-Zehnder 
interferometers. In section 5.1, the Gemini fiber is used as a passive 
device to add or drop a single channel from a broadband transmission 
line. In section 5.2, the Gemini fiber is employed as an active device for 
nanosecond switching of optical signals. 
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5.1. Monolithic fiber add/drop multiplexer 
Wavelength multiplexer systems increase the fiber capacity by allowing 
transmitting several different channels along the same optical fiber, by 
encoding them at slightly different wavelengths. The add/drop 
multiplexer is used to introduce or extract a single wavelength in a fiber 
link without affecting any of the other wavelengths already present. This 
can be done using arrayed waveguides (AWG), where the various 
wavelengths are dispersively separated using planar structures. However, 
these devices typically require cumbersome input and output coupling 
[70, 71]. Alternatively, this can be done directly in fibers using fiber 
Bragg grating, either using two circulators [72], or inside a Mach-
Zehnder interferometer [73, 74]. 
 

5.1.1. Device operation 

The monolithic add/drop multiplexer works as a passive filter for the 
selected wavelength. The device is constructed with a well-balanced 
Mach-Zehnder interferometer with almost identical FBGs in each arm. 
As the FBGs are matched to the specific wavelength determined when 
manufacturing the gratings, this wavelength behaves differently than all 
other wavelengths. The device has four different ports; port 1 (input), port 
2 (drop), port 3 (express), and port 4 (add). Any non-matched wavelength 
injected into the input port will exit through the express port virtually 
unaffected. When the light reaches the first coupler, 50% of the light 
enters each branch. Since the wavelengths are not matched to the FBGs, 
the light will simply pass through it. When it reaches the second coupler, 
the light will constructively interfere to exit through the express port.  

Light at the Bragg wavelength injected into the input port will also 
be divided in the first coupler. However, as it reaches the FBGs, it will be 
reflected in both arms and return to the first coupler. If the phase 
difference adjusted appropriately, e.g. by tuning the refractive index with 
UV exposure, the light will constructively interfere to exit through the 
drop port instead of being back-reflected to the input port. If light at the 
same Bragg wavelength is instead injected into the add port on the other 
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side, of the component, and the phases are adjusted correctly, it will exit 
through the express port. Thus it is possible inject or extract, i.e. add or 
drop a single wavelength channel from a broadband transmission line, 
without disrupting the other channels.  
 

5.1.2. Device construction 

In the proposed setup we use an ultra-broadband, monolithic fiber Mach-
Zehnder interferometer, with FBGs inscribed inside that only reflect a 
narrow bandwidth. The component consists of two 3 dB couplers with a 
section of fiber with two identical FBGs inscribed, as seen in Fig. 5.1.1. 
All components are constructed separately from the Gemini fiber (c.f. 
section 2.2.3) and then spliced together.  
 

 

Fig. 5.1.1. Schematic layout of monolithic add-drop multiplexer. 

 
The FBGs are written consecutively in the two cores of the Gemini fiber 
using multiple writings on each grating. When the first grating is finished, 
the fiber is shifted transversely and the second grating is written in the 
other core at the same axial position. The resulting gratings can be seen in 
Fig. 5.1.2, along with the arithmetic difference between them. 

The central wavelength of the gratings directly after writing, is 
1550.2 nm and both gratings are designed with a Hamming apodization 
to suppress the sidebands, with a FWHM of 42 pm and 47 pm for core 1 
and core 2, respectively. However, as the fiber is thermally annealed after 
writing the grating and the remaining hydrogen is driven out, the 
refractive index reduces slightly and the gratings shift to shorter 
wavelengths.  

When the reflections from the two gratings interferes destructively, 
e.g. in a 3 dB coupler, the result is the linear difference between the 
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Fig. 5.1.2. Reflection spectra of FBGs inscribed inside the Gemini 
fiber along with the arithmetic difference between the two spectra. 

 
reflections from the two gratings, at each wavelength. Since the 
bandwidth of the first grating is slightly narrower than the second one, the 
spectrum for the difference obtains the shape known as “bat-ears”, as 
seen as the blue trace in Fig. 5.1.2. Near the Bragg wavelength, the 
amplitude of the two gratings cancels each other with a suppression of 
~11 dB, whereas at the wings the suppression is only ~4 dB. 

The two 3 dB couplers are made from the Gemini fiber using the 
fused biconic taper technique in a Vytran LDS-1250 glass processing unit 
(see section 2.5.2) and then glued inside glass capillaries for protection, 
using UV-curing glue. Great care needs to be taken when removing the 
taper from the machine and gluing it in place, to ensure that no bends are 
introduced, as this would alter the coupling characteristics. The two 
couplers, which are made separately, are spliced to each end of the piece 
of Gemini fiber inscribed with the FBGs. Fiber pigtails are spliced to all 
four ports of the fiber component, using an Ericson FSU 925 with 
custom-made fiber holders. The holders are milled with a W-groove 
enabling parallel mounting of two individual standard fibers (SMF28) to 
be spliced to the Gemini fiber. 

In order to simplify the assembly of the different parts of the 
unoptimized multiplexer, the fiber lengths between them are kept 
sufficiently long to allow multiple splice attempts and eventual failures. 
Otherwise, a failed splice would render the entire device useless. The 
result is that the assembled interferometer is ~1.7 m long. Since the 
splicing between the components requires accurate transverse and 
rotational alignment, simultaneously for both cores, some excess loss is 
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expected from the splices. When measured, the insertion loss of the 
component is approximately 5 dB. 

The bandwidth of the interferometer is determined by the optical 
pathlength difference. The transmission spectra of the components are 
measured to be virtually flat, indicating that the pathlength difference 
between the two fibers is less than 5 µm. However, by bending the fiber, 
the induced stress in the fiber may be imparted differently in the two 
arms, resulting in a differential increase of the refractive index. If the 
fiber is bent around the 𝑥′-axis as seen in Fig. 5.1.3(a) both branches 
experience the same stress. On the other hand, if the fiber is bend around 
the 𝑦′-axis as seen in Fig. 5.1.3(b), one branch will be compressed while 
the other will be stretched, inducing different stresses in the two 
branches, which results in an optical pathlength difference in the 
interferometer.  
 

 

Fig. 5.1.3. Illustration of bending around (a) major axis, (b) minor axis. 

 

5.1.3. Measurements 

To examine the performance of the Gemini fiber add/drop multiplexer, 
broadband light is launched into the input port using a tunable laser 
source (TLS, ANDO AQ4321A) and monitored in the express and drop 
ports using an optical spectrum analyzer (OSA, ANDO AQ6351B). The 
back-reflection is also recorded through a circulator. Since the device is 
in principle symmetric, launching light into the input port and measuring 
it at the drop port is equivalent to launching light into the add port and 
measuring it at the express port. In practice, the splice losses in the 
different ports will break this symmetry. The measured spectra are shown 
in Fig. 5.1.4 with a close-up of the Bragg wavelength in the insets. 
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Fig. 5.1.4. Measured spectra for (a) Express, (b) Add/drop, and (c) 
Back-reflection. Insets depict close-ups of the Bragg wavelength. 

 
The light transmitted through the express port shows a very flat 
transmission over a 100-nm wide spectra with a clear dip at 1548.5 nm, 
corresponding to the Bragg wavelength. Note that this flat spectral 
response is remarkable in fiber Mach-Zehnder interferometers, requiring 
that the optical path length difference is nearly identical. A number of 
smaller dips can be seen to the left of the Bragg wavelength. These are 
characteristic of FBGs, and are attributed to coupling to higher order 
modes due to a small transverse gradient in the grating strength. Since the 
gratings are written using side-illumination of UV, where the refractive 
index change is proportional to the light intensity, the refractive index 
change will be slightly larger at the incident side than at the back side 
inducing transverse gradient of the grating. This gradient is sufficient to 
couple some light out into the cladding. In order to circumvent this effect, 
the fiber can be designed with a radially decreasing photosensitivity 
introducing a transverse apodization of the grating, which reduces the 
coupling to higher order modes [75].  

If we measure the spectrum from the drop port when the light is 
injected into the input port, or measure it from the express port when light 
is injected into the add port, a narrow reflection peak, corresponding to 
the Bragg wavelength is observed. In reflection, the cladding mode ripple 
is absent since these only appear as forward propagating transmission 
loss outside the FBG reflection band. However, there are many 
oscillations surrounding the reflection peak, stemming from the 
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interference of the sidelobes of the two gratings. These can be minimized 
with stronger apodizations, but as the amplitudes of these oscillations are 
below −30 𝑑𝐵, these are considered acceptable in this demonstration. 

Neither of these measurements ensures that the system is actually 
operating as an interferometer. The flat transmission in the express port 
could simply be the transmission spectra of a single FBG and not a very 
well balanced Mach-Zehnder interferometer. However, if we examine the 
back-reflection at the input port, we see the characteristic “bat-ears”, 
which indicates that the reflections from both FBGs destructively 
interfere. 

The broadband operation of the add/drop multiplexer implies that 
even though the interferometer is ~1.7 meters long, the optical pathlength 
difference between the interferometer arms is less than 5 µm. 
 

5.1.4. Conclusions and outlook 

The monolithic add/drop multiplexer based on the Gemini fiber 
successfully filters out a single channel in the C-band with 30 dB 
extinction ratio. Even though the interferometric device shows promise 
for excellent arm length matching, the long lengths make the component 
cumbersome. By optimizing the splice processes, lower insertion losses 
could be achieved along with greatly shortened components. In the 
present configuration, the add/drop multiplexer is a passive device, which 
only injects or rejects a single specific wavelength. By employing an 
FBGs written in an 8-hole Gemini fiber with internal electrodes (c.f. 
section 2.2.5), the gratings could be shifted slightly so that it no longer 
reflects the original wavelength. In order to get multi-wavelength 
operation, with independent output ports for all wavelengths, consecutive 
add/drop multiplexer would be required. 

All things aside, the experiment shows the potential for the Gemini 
fiber to be employed as a well-balanced interferometer. 
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5.2. Electrically tunable nanosecond Mach-
Zehnder switch 

Fast optical switching is widely used in photonics, be it for 
telecommunication or generating short laser pulses. Typically, bulk 
lithium niobate modulators are used to achieve sub-nanosecond switching 
[76]. These operate as Mach-Zehnder interferometers with the electro-
optic crystal changing the optical paths of the arms. For increased 
electrical bandwidth, these devices operate in a travelling-wave mode, 
and the response and relaxation time of the crystals, to the applied 
electrical field, is what limits the speed of the switch. However, as the 
lithium niobate modulators are based on bulk devices, there is an intrinsic 
insertion loss, typically around 3 dB, which can be too large for some 
applications. Besides, such devices tend to be expensive. For slower 
switching speeds, thermo-optic effects can be used, where the response 
and relaxation time are typically milliseconds [77]. Alternatively, micro-
electro-mechanical systems (MEMS) can also be used for millisecond 
switching [78]. In the intermediate region, acousto-optic devices, which 
may be based on acousto-optic deflection in free-space piezo-electric 
devices [79], or the elasto-optic effect inside fibers to shift the refractive 
index, can be employed [80]. 
 

5.2.1. Device operation 

The bandwidth of a Mach–Zehnder switch is determined by the optical 
pathlength difference between the two branches. If the two branches are 
exactly equal in length, the optical bandwidth will be infinite. When the 
device is switched, a pathlength difference is introduced which shifts the 
signals from one output to the other. To achieve full switching, the phase 
of one of the arms has to be delayed by half a period more than the other 
interferometer arm. The phase difference between the arms is given by: 
 

 𝜑 =
2𝜋𝑛𝛥𝐿
𝜆 , (5.1) 
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where 𝑛 is the refractive index, 𝛥𝐿 is the path length difference, and 𝜆 is 
the optical wavelength. For a π-phase-shift, this relation reduces to: 
 

 𝑛𝛥𝐿 =
𝜆
2. (5.2) 

 
Thus, in order to switch the signal, the optical pathlength difference has 
to be altered by half the wavelength. As the wavelength is typically 
1.5 µm (or rather 1530-1560 nm), the optical pathlength difference need 
to change by 0.75 µm. In the Gemini switch, the active component has 7-
cm long electrodes that can be activated, which means that the refractive 
index will only be altered along the 7-cm long component. The change in 
refractive index needed to achieve π-phase-shift is thus: 
 

 𝑛 =
𝜆

2𝛥𝐿 =
1.55 µ𝑚
2 × 7𝑐𝑚 = 1.1 × 10−5. (5.3) 

 
The shift is induced by a high voltage electrical pulse, transmitted 
through the electrode. The pulses are generated using a CMOS switch 
with three serial capacitors charged to 1.8 kV. The electrical switch is 
triggered by a 46 ns, 5 V pulse generated by a signal generator (Hewlett 
Packard 8116A pulse/function generator). The output of the CMOS 
switch is 46 ns, 1.5 kV electrical pulses, which are delivered to the 
electrodes inside the G2H8 fiber. By resistive heating, the electrode 
rapidly heats up and expands through the thermal expansion (see section 
2.3 on tuning fibers). The rapid expansion induces an acoustic pressure 
wave in the glass of the fiber which changes the refractive index through 
the elasto-optic effect. This unbalances the interferometer and causes 
switching. Since the speed of sound in silica is ~5.9 µm/ns (5.9 km/s), the 
time it takes for the acoustic wave to reach the core is ~4 ns. Depending 
on the packaging and the acoustic impedance mismatch between the fiber 
and the surrounding, the acoustic wave will either reflect at the surface or 
dissipate through it. These reflections will cause an oscillation in the 
pressure field inside the fiber which exhibits as oscillations in the 
refractive index. The length of the electrical pulse is chosen to minimize 
these oscillations through destructive interference of the acoustic 
oscillations. 
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After a few hundreds of nanoseconds, the acoustic pressure wave 
ceases to bounce back and forth, as the pressure dissipates to the 
surroundings, leading to a relaxation to the original state. However, as the 
deposited heat in the electrode dissipates, and reaches the core, the 
refractive index increases through the thermo-optic effect. The time-scale 
for the thermal dissipation is much longer than for the acoustic wave and 
the thermal effects are only visible after ~15 µs. As the time elapses, the 
thermal effects continue to grow as the temperature of the core reaches a 
maximum before the energy dissipates from the system. Depending on 
how the fiber is packaged, the speed of the thermal dissipation will vary. 
If the fiber is freely suspended in air, the system will need up to 40 ms to 
return to the original state, compared to the 5 ms needed if the fiber is 
covered with a heat conductive paste.  

The G2H8 have 8 different electrodes, and by contacting a second 
one positioned diametrically from the first one, the thermal effects can be 
cancelled. If the same amount of energy is deposited in each of the two 
branches of the fiber, the increase in temperature will be the same for 
both cores and no difference in the refractive index is introduced. Since 
the thermal effects come into play on a microsecond time-scale, whereas 
the acoustic effects operate on a nanosecond time-scale, it is possible to 
achieve a push-pull switching using solely the acoustic effects before the 
thermal effects appear. By dividing the electrical pulse in a tee-connector 
and delaying one of the pulses with a length of cable, e.g. 4 m for 20 ns 
delay, the interferometer can be switched on and off within 20 ns. For the 
thermal effects, this time difference is negligible and the temperature of 
the two cores should increase identically. In order to avoid destroying the 
electrodes, the repetition rate of the electrical pulses need to be kept low 
enough for the heat to fully dissipate. 
 

5.2.2. Device construction 

The electrically tunable nanosecond Mach-Zehnder switch is based on the 
Gemini fiber and the 8-hole Gemini fiber (G2H8). The active component 
is a metal-filled piece of the G2H8 (c.f. section 2.2.5 about filling fibers 
with metal). The cross-section of the G2H8 can be seen in Fig. 5.2.1. 
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Fig. 5.2.1. Cross-section of G2H8 fiber. 

 
The dimensions are nominally two adjoining circles with diameter 
125 µm and core diameters 8 µm giving a core separation of 125 µm. The 
holes are 25 µm in diameter situated 16 µm edge to edge from the cores. 
However, during the drawing process, the dimensions can only be 
measured through the silhouette of the fiber, and if the fiber rotates while 
it is drawn the dimension control feedback becomes more difficult. The 
technique to overcome this limitation, described in Appendix B is not yet 
implemented. Therefore the overall dimensions of the G2H8 varied by 
12% resulting in core separations between 125-140 µm. In order to splice 
the G2H8 to the Gemini fiber, the dimensions has to be match by tapering 
the G2H8 to the desired size (see section 2.5.1 about linearly tapering 
fibers). The tapering needs to be performed on the metal-filled fiber and 
requires a few decimeters of fiber lengths between the metal-filled 
section and the taper region. This results in much longer components than 
would be necessary if the dimension had been as designed. 

To assemble the interferometer, two separate 3 dB coupler are 
made in the Gemini fiber, using the Vytran GPX-3400 (c.f. section 2.5.2 
about making couplers). The couplers are then spliced to both ends of the 
metal-filled G2H8 and fiber pigtails are spliced to each outer end of the 
couplers. The G2H8 is then side-polished to allow contacting gold-coated 
tungsten wires to the internal electrodes of the fiber and further to SMA 
contacts. A schematic of the component is shown in Fig. 5.2.2 where 
electrodes 1 and 8 are contacted through side-polishing. 
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Fig. 5.2.2. Schematic setup for monolithic nanosecond switch. 

 
The total length of the interferometer is ~4 m due to the many 
precautionary long pieces of Gemini fiber between the components. The 
length of the electrodes inside the G2H8 are approximately 7 cm. 
 

5.2.3. Simulations 

By using the techniques and models described in section 2.3.4.1, the 
switching of the monolithic Mach-Zehnder switch is simulated using 
COMSOL Multiphysics. Once again, the model has no free parameters, 
and the values for the coefficient of thermal expansion of Bi-Sn and silica 
are listed in Table 2.1. To simplify the analysis, the pulse length is chosen 
to match the ones used for minimum acoustic oscillations. When two 
identical 1.12 kV, 45 ns electrical pulses are applied to electrode 1 and 8 
depicted in Fig. 5.2.1 with 20 ns delay, the phase changes rapidly in each 
core. The results of the applied electrical pulses depends on the optical 
polarization state of the probing light. Since the electrodes are placed to 
the side of the fiber cores, the induced mechanical stress from the 
thermally expanding electrodes is anisotropic resulting in birefringence. 
The coordinate system is defined so that the 𝑥-axis lies in the plane of the 
core and electrodes 1 and 4, and the 𝑦-axis is aligned between electrode 3 
and 2 (i.e. the fiber is rotated −45° compared to Fig. 5.2.1). The applied 
electrical pulse initially blue-shifts the 𝑥-polarization while the 𝑦-
polarization red-shifts, as seen in Fig. 5.2.3. As the second pulse is 
applied, the refractive index of the second core is affected in the same 
manner as the first core, effectively cancelling the switching. 
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Fig. 5.2.3. Simulated phase change when applying two 1.12 kV, 45 ns 
pulses to electrodes 1 and 8 with 20 ns delay for both x- and y-

polarization. 

 
From the simulations, the phase excursion is twice as large for the 𝑥-
polarization than for the 𝑦-polarization, but with different sign. As the 
mechanical stress relaxes in the fiber, within a few microseconds, the 
thermal effects begin to dominate as the heat spreads from the electrode 
to the core, as seen for both polarizations at around 15 µs in Fig. 5.2.4. 
 

 

Fig. 5.2.4. Simulated long term phase change when applying a single 
or two 1.12 kV, 45 ns pulses to electrodes 1 or 1 and 8 with 20 ns 

delay for both x- and y-polarization. 

 
The thermal effect increases the refractive index for both polarizations to 
almost the same value, as the temperature of the core reaches its peak 
value around 150 µs. As no more heat is deployed, the temperature 
continues to dissipate and after a few milliseconds, the heat has dissipated 
to the surrounding and the device can be switched again. 

The time evolution of the temperature and the refractive index for 
the 𝑥- and the 𝑦-polarization can be seen in Fig. 5.2.5. 
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Fig. 5.2.5. Effects of applying two electrical pulses to electrode 1 at 
𝑡 = 0 ns and to electrode 8 at 𝑡 = 20 ns: (upper row) temperature 

distribution, (middle row) refractive index change for the y-
polarization, and (bottom row) refractive index change for the x-

polarization. 

 
The spatial distribution of the refractive index changes indicate that the 
birefringence remains even after 400 µs. 

The previous simulations are all performed using a steady state 
solution of the mechanical differential equation at each time-step. By 
extending the simulations to include the transient variation of the 
mechanical stress induced by the acoustic pulse, the acoustic oscillations 
can be evaluated. By increasing the amplitude of the electrical pulses, the 
induced phase-shift increases, as seen in Fig. 5.2.6(a). In Fig. 5.2.6(b), the 
effects of changing the pulse length with constant amplitude are 
examined. 
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Fig. 5.2.6. Simulation of optical phase change for x-polarization when 
applying (a) 45 nanosecond long pulse with varying amplitude and (b) 

a 1.8 kV pulse with varying pulse length. 

 
As can be noted in the simulations, changing the amplitude of the applied 
electrical pulse only changes the amplitude of the phase shift induced. 
However, when using a 10 ns or 25 ns electrical pulse, significant 
oscillations of the phase-shift with periods around 45 ns are observed, 
caused by the pulse bouncing off at the interface between the glass and 
the surrounding heat-conductive paste. It is also noted that by choosing 
the pulse duration to be 45 ns long, the oscillations are cancelled.  

 

5.2.4. Measurements 

Two separate components are constructed, the first with a single outer 
electrode contacted, and the second with electrodes 1 and 8 contacted. As 
both interferometers are ~4 m long, it is important how the fibers are 
mounted. If the fiber is bent, the applied stress can induce a differential 
refractive index change between the two cores. If the fiber is placed 
straight, this problem is resolved and a flat transmission spectrum is 
obtained, as can be seen in Fig. 5.2.7. The signal is launched into port 1, 
and monitored at port 3 (s13) and at port 4 (s14) as the fiber is mounted 
straight (solid lines) or bent (dotted line).  

The modulation depths of the two interferometers are 
approximately 13 dB, and the insertion loss is ~8 dB for both inputs for 
the first interferometer, and ~10.5 dB for s13 and 8 dB for s14 for the 
second interferometer. The modulation depth is limited by the accuracy 
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Fig. 5.2.7. Transmission spectra for G2H8 Mach-Zehnder switch for 
s13 and s14 for straight alignment (solid line) and bent alignment 

(dotted line). 

 
of the 3 dB couplers. Nominally, the couplers have 50% coupling, which 
would give infinite modulation depth. However, even a small variation of 
this coupling ratio to 49/51% coupling of one of the coupler, would 
reduce the modulation depth to 20 dB (see Appendix E for calculations of 
the modulation depth). If both couplers are 49/51% the modulation depth 
decreases to 17 dB. The modulation depth of 13 dB corresponds to 
approximately 2% deviation from 50% for both couplers. The insertion 
losses are caused by the various splice, taper, and coupling losses. Even 
though the Gemini fiber can be spliced to two independent single mode 
fibers with less than 0.1 dB splice loss when using active alignment, the 
consecutive splicing of several components prevents active alignment, 
which increases the insertion losses. The down-tapers of the G2H8 also 
introduce some excess loss since the process is not fully optimized. 
Additionally, since the dimensions of the tapered G2H8 might still 
deviate slightly from the target value, i.e. 125 µm core separation, the 
core misalignment can induce additional loss. Finally, the couplers can be 
made with less than 0.1 dB loss in an optimized process. However, due to 
issues in yield, less than perfect couplers are employed in this proof-of-
principle.  

The performance of the first Mach-Zehnder switch is evaluated by 
launching linearly polarized light from an tunable laser source (TLS, 
ANDO AQ4321A) into one of the ports of the interferometer and 
monitoring the transmission with an InGaAs photodetector (Thorlabs 
D400FC) connected to an oscilloscope (Tektronix TDS 3034). To 
evaluate the thermal behavior of the switch, different DC voltages are 
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applied to one of the electrodes while the transmission is recorded. The 
optical spectra at the minimum and maximum transmission are shown in 
Fig. 5.2.8(a). Since the interferometer is not perfectly balanced, the 
minimum point is not located at 0 mW but instead at 5 mW. The optical 
power at a few specific wavelengths is extracted from the measured 
spectra, for increasing applied electrical power, and is shown in Fig. 
5.2.8(b). 
 

     

Fig. 5.2.8. (a) Transmission spectra for G2H8 Mach-Zehnder switch at 
5 mW and 320 mW applied electrical power. (b) Optical signal for 

various wavelengths when applying different DC voltage to one of the 
internal electrodes. 

 
All wavelengths in the range follow more or less the same sinusoidal 
dependence to applied electrical power. 

The dynamic performance of the Mach-Zehnder switch is initially 
examined by applying a 1.5 kV, 46-ns long high voltage pulse to one of 
the electrodes. The pulse length is selected as to minimize the acoustic 
oscillations. The measured optical switching can be seen on a short time-
scale in Fig. 5.2.9(a), which displays the acoustic effects. On a longer 
time-scale, shown in Fig. 5.2.9(b), the thermal effects dominate. 
While the electrode is heated during the 46 ns long electrical pulse, the 
measured optical power of the transmitted signal switches from the off- to 
the on-state. For s13, the signal switches from minimum transmission to 
~70%. On the other hand, s14 switches from a maximum down to ~20%. 
These shifts are comparable to the simulations shown in Fig. 5.2.3, which 
predicts a phase-shift of 0.7 π radians. 
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Fig. 5.2.9. Transmission spectra for G2H8 Mach-Zehnder switch when 
a single electrode is activated. (a) Rapid shift on short time-scale due 
to acoustic effects. (b) Slow shift on long time-scale due to thermal 

effects. 

 
After approximately 300 ns, the optical power begins to slowly return to 
its original value. However, at around 15 µs, the decline of the signal 
accelerates down to zero, followed by a strong switching up to 100%. 
This is attributed to the thermal effect from the heated electrode, which 
increases the refractive index of the closest core.  

The dissipation of the heat occurs on a time-scale of milliseconds, 
as seen in Fig. 5.2.10. By using a curve-fitting on the final exponential 
decay of the signal, the time constant 𝜏 =  4.31 ms is obtained, and the 
system returns to its original state after approximately 25 ms. 
 

 

Fig. 5.2.10. Exponential decay of signal on a millisecond time-scale 
after a single pulse is applied to one of the electrodes. 

To evaluate the impact of the polarization of the incoming light, a 
polarization controller is used to align the light to the fast or the slow axis 
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of the G2H8. The resulting long term effects for s13 can be seen in Fig. 
5.2.11 along with simulation results. 
 

 

Fig. 5.2.11. Long terms effects for 𝑥- and 𝑦-polarization (upper) 
measurements (lower) simulations. 

 
It can be noted that the 𝑦-polarization switches less than the 𝑥-
polarization but reaches its maximum much sooner and also experiences 
secondary oscillations of the power after 100 µs. The simulated results 
are the normalized sin2 of the phase-shift in Fig. 5.2.4, which predicts that 
the 𝑦-polarization should switch less than the 𝑥-polarization during the 
acoustic pulse. Also, because the acoustic pulse increases the refractive 
index for the 𝑦-polarization while decreasing it for the 𝑥-polarization, the 
maximum value is also predicted to be reached sooner for the 𝑦-
polarization. It should be stressed that the simulations are carried out 
without any free parameters. The simulated signal displayed in Fig. 
5.2.11 is the output expected for the input electrical pulse applied. 

The thermal effects induced by the electrical pulse, greatly exceed 
the initial acoustic effects, resulting in large secondary oscillations of the 
transmitted optical power. As the heat is only deposited in one of the 
electrodes situated close to one of the cores but far from the other, a 
temperature gradient is predicted from the simulations. However, there 
are 8 separate electrodes in the fiber and a second electrode in the other 
branch of the fiber can be contacted. If the two electrodes are activated 
simultaneously, assuming equal dimensions and electrical pulses, the 
thermal effects from both electrodes will be identical. Each electrode will 
increase the temperature and the refractive index of their adjacent cores, 
and the resulting optical phase difference between the cores will be 
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nullified. If one of the electrical pulses is delayed slightly, the first pulse 
initiates a phase-shift which is then cancelled by the second pulse. As the 
thermal effects operate on a microsecond time-scale, the time delay 
between the pulses needs to be significantly shorter than this to avoid 
unwanted oscillations.  

The second G2H8 Mach-Zehnder switch, where electrodes 1 and 8 
depicted in Fig. 5.2.1, are independently contacted is evaluated as a push-
pull switch. The electrical pulse generated by the CMOS switch is 
divided by a tee-connector resulting in a 30% drop of the voltage (or 55% 
drop of the electrical power) and one of the pulses is delayed 20 ns by 
using a 4-m long cable before connecting it to the fiber electrode, as seen 
in Fig. 5.2.12. 
 

 

Fig. 5.2.12. Electrical pulses applied to the electrodes, original pulse 
and pulses divided by tee-connector. 

 
As the second electrical pulse arrives halfway through the first pulse, the 
optical switching will not be as large, as the cancellation begins before 
the full switching is achieved. Nevertheless, optical pulses with ~20 ns 
length are expected. The nanosecond optical on-off switching can be seen 
in Fig. 5.2.13(a), and a comparison of the thermal effects between 
applying a single pulse or two identical pulses to electrode 1 and 8, can 
be seen in Fig. 5.2.13(b). 

The resulting optical pulse is only 15 ns FWHM, which shows that 
the second pulse restores the interference to its original state. Some minor 
oscillations are noticed between 50 and 300 ns before stabilizing. These 
oscillations are most likely caused by acoustic oscillations in the fiber, 
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Fig. 5.2.13. (a) Optical on-off switching for s13 and s14. (b) 
Experimental comparison for s14 on long time-scale, when applying 
single or double pulses. The second pulse cancels the thermal effects 

of the first pulse. 

 
which periodically bounce back and forth. On a longer time-scale it has 
been seen (e.g. Fig. 5.2.9(b)) that for a single pulse, the thermal effects 
dominate after tens of microseconds up until the heat dissipates from the 
fiber. For the dual pulses, the thermal effects are fully cancelled resulting 
in only a single optical pulse. 

The broadband behavior of the nanosecond switch can be seen in 
Fig. 5.2.14. The wavelengths range from 1520 nm to 1570 nm with 
10 nm intervals, and all wavelength switches virtually identically. After 
the optical pulses, they all return to the original state. 
 

 

Fig. 5.2.14. Broadband, optical on-off switching for bar- and cross 
state. The bottom spectra are at 1520 nm with the upper spectra at 

1570 nm. The intermediate spectra are separated by 10 nm. 

 
The switching demonstrated in these experiments is limited below a π-
phase-shift. By increasing the applied electrical energy, the switching 
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could possibly be increased. Since the CMOS switch used to generate the 
high voltage pulses only could be charged to 1.8 kV, higher voltages 
could not be used. However, by reducing the voltage and examining the 
optical power level after switching for different voltages, as seen in Fig. 
5.2.15(a) and (b), we can infer how much voltage is required to reach π-
phase-shift. When plotting the levels for both s13 and s14, as seen in Fig. 
5.2.15(c), the dependence appear to be sinusoidal with a maximum at 
around 3 kV. However, at this point, s13 will be negative suggesting that 
either the calibration of the detector is incorrect or that the curve fitting is 
off.  
 

 

Fig. 5.2.15. Optical switching when applying a single 46 ns long 
electrical pulse with varying applied voltages for (a) s13 and (b) s14. 

(c) Switched values for s13 and s14 along with sinusoidal curve fitting. 

 
Another option to increase the pulse energy would be to increase the 
pulse length, while maintaining a constant voltage. Such an experiment 
was attempted and the results can be seen in Fig. 5.2.16. Significant 
oscillations with a period of ~46 ns are clearly visible.  
 

 

Fig. 5.2.16. Optical switching when applying 1.8 kV electrical pulses 
with different pulse lengths for (a) s13 and (b) s14. (c) Switched values 

for s13 and s14 along with sinusoidal curve fitting. 
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If we compare these measurements with simulations in Fig. 5.2.6(b), we 
see that the behavior is accurately predicted, as seen in Fig. 5.2.17(a), and 
that the oscillations are effectively cancelled when using 46 nanosecond 
pulses. However, there is a slight discrepancy in the period of the 
oscillations between the measurements and the simulations. As the 
dimension of the current section of the G2H8 fiber requires a tapering of 
the dimension from ~137 µm to 125 µm to achieve lower splice loss 
between the G2H8 and the Gemini fiber, the acoustic resonance period is 
expected to be 10% larger. By taking into account the difference in 
dimensions in the simulations, the acoustic oscillations match even better, 
as seen in Fig. 5.2.17(b). 

If a single, short pulse is required, the applied electrical voltage 
should be increased significantly and the inter-pulse delay reduced. The 
repetition rate of the Gemini switch is limited by the heat removal, as 
excessive heat would melt the electrode and render the component 
useless. If proper packaging and active cooling is employed to the 
component, it should be possible to increase the repetition rate to the kHz 
range. 
 

                 

Fig. 5.2.17. Simulated and measured optical switching when applying 
a 1.8 kV electrical pulse for 10, 25, and 45 nanosecond long pulses to a 

G2H8with (a) 125 µm and (b) 137 µm core separation. 
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5.2.5. Conclusions and outlook 

The monolithic nanosecond switch based on the 8-hole Gemini fiber can 
be used successfully to switch an optical signal with nanosecond response 
time. The application of a second, delayed, identical electrical pulse to 
the diametrically opposed electrode, effectively cancels the 
interferometric effects caused by the first pulse. The length of the 
generated optical pulses is dictated by the delay between the on-pulse and 
the off-pulse. However, if the delay is made too large, e.g. over a few 
microseconds, thermal effects come into play and the cancellation 
brought about by the second pulse would not be synchronized to the first 
pulse, leading to some oscillations of the signal. If the delays are made 
too small, the acoustic effects from the first pulse will not have time to 
change the transmission before the second pulse cancels the effects. 
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Chapter 6.  
 
Conclusion 

In this thesis, I have described novel applications of previously developed 
fiber optic components as well as developed new components to cater to 
old applications. The photonic scanning receiver described in section 3.1, 
provides a unique opportunity to rapidly measure microwave frequencies 
employing the benefits of the optical domain. The microwave generation 
described in section 3.2 showed further applications of the unique tunable 
fiber Bragg grating despite the cumbersome setup.  

The high-temperature sensor based on the twin-core fiber described 
in section 4.1 showed initial promise as a simple device. However, the 
high-temperature hysteresis was unexpected and required significant 
effort to overcome. Ultimately, an extended thermal annealing at 900 °C 
proved sufficient to remove the residual stress. The insight drawn from 
the thermal behavior at elevated temperatures could be applied to other 
high-temperature fiber systems. 

The custom-made Gemini fiber, along with the 8-hole Gemini fiber 
described in sections 5.1 and 5.2, provides an excellent platform for 
developing monolithic fiber interferometers which are much less 
susceptible to environmental perturbations. The insights drawn from the 
tunable FBG used for the first experiment were implemented into the 
Gemini fiber in the form of FBGs and actively controlled electrodes. 
Multiple numerical simulations were performed to evaluate and 
understand the dynamic behavior of the components. 
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6.1. Outlook 
The microwave photonics application of the FBG, in particularly the 
photonic scanning receiver shows great potential for further development. 
A particularly useful system could be implemented if the secondary all-
electrical measurement of the frequency is performed on an identical 
replica of the RF signal, making use of the information from the photonic 
receiver to tune the RF filter to the region of interest. 

The Gemini fiber has proven to be an excellent candidate for 
interferometric devices, either as an active component in switches or as a 
passive component in filters or sensors. The nanosecond switch can stand 
on its own and readily be implemented into e.g. an actively q-switched 
laser. 

The holes of the G2H8 could be further exploited by introducing 
other materials with optical properties. If a coupler is made from the 
G2H8, liquids could be shifted in and out of the coupling region using 
pressure, thermal expansion or magnetism with ferro-fluidics. This could 
be used for altering the coupling, and could open the doors for the 
development of new highly functional fiber components. 
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APPENDIX 
A Wave propagation in cylindrical 

waveguide 
This appendix will derive the electrical fields propagating in a cylindrical 
waveguide. The derivations are primarily based on [14]. 

If we assume a cylindrical waveguide with radius 𝑎 and index 
modulation 𝛥 between region 1, the core and region 2, the cladding with 
𝑛1 and 𝑛2 as the respective refractive indices. The wave propagation will 
be governed by the wave equation, which for cylindrical symmetry 
becomes: 
 

 �
1
𝑟
𝜕
𝜕𝑟 +
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𝜕𝑟2 +
1
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𝜔2
𝜕2

𝜕𝑡2� 𝐸(𝑟,𝜑, 𝑧, 𝑡) = 0, (A.1) 

 
which we can solve for one field component such as 𝐸𝑧, and then use the 
Maxwell equation to solve for the others. If we assume that the field 
component can be written as: 
 
 𝐸𝑧(𝑟,𝜑, 𝑧, 𝑡) = 𝑅(𝑟)𝛷(𝜑)𝜁(𝑧)𝑇(𝑡), (A.2) 
 
eq. (A.1) becomes: 
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By separating the time dependence, we obtain: 
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where 𝐴 is a constant, which gives: 
 

 𝜕2𝑇
𝜕𝑡2 − 𝐴𝜔2𝑇 = 0. (A.5) 

 
If we select 𝐴 = 1, the solution of eq. (A.5) will be: 
 
 𝑇(𝑡) = 𝑒𝑗𝜔𝑡 . (A.6) 
 
By separating the 𝑧-dependence we obtain: 
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𝜕𝑧2 = −𝛽2, (A.7) 

 
so that: 
 

 𝜕2𝜁
𝜕𝑧2 + 𝛽𝜁 = 0, (A.8) 

 
and: 
 
 𝜁(𝑧) = 𝑒−𝑗𝛽𝑧. (A.9) 
 
What remains is: 
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𝜕𝜑2 = 𝑛𝑖2𝑘02 − 𝛽2 = 𝛽𝑡2, (A.10) 

 
or: 
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By solving for the azimuthal component, we obtain: 
 

 
𝜕2𝛷
𝜕𝜑2 + 𝑞2𝛷 = 0, (A.12) 

 
which has the solution: 
 
 𝛷(𝜑) = 𝑠𝑖𝑛(𝑞𝜑). (A.13) 
 
The final term is: 
 

 �𝑟2
𝜕2

𝜕𝑟2 + 𝑟
𝜕
𝜕𝑟 + (𝑞2 − 𝑟2𝛽𝑡2)� 𝑅 = 0, (A.14) 

 
which is the characteristic Bessel differential equation. Since we have: 
 

 𝛽𝑡12 = 𝑛12𝑘02 − 𝛽2,
𝛽𝑡22 = 𝑛22𝑘02 − 𝛽2,

 (A.15) 

 
and: 
 
 𝑛2𝑘0 < 𝛽 < 𝑛1𝑘0, (A.16) 
 
𝛽𝑡1 will be real, while 𝛽𝑡2 is imaginary. This corresponds to a guided core 
mode and an exponentially decaying electric field in the cladding. By 
introducing the normalized transverse propagation and decay constants: 
 

 𝑢 = 𝛽𝑡1𝑎 = 𝑎(𝑛12𝑘02 − 𝛽2)1/2,
𝑉 = |𝛽𝑡2|𝑎 = 𝑎(𝛽2 − 𝑛22𝑘02)1/2,

 (A.17) 

 
the radial solution can be written as: 
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𝑢𝑟
𝑎 � 𝑟 ≤ 𝑎,

𝑅2 = 𝐶𝐾𝑞 �
𝑤𝑟
𝑎 � 𝑟 ≥ 𝑎,

 (A.18) 

 
where 𝐴 and 𝐶 are constants and 𝐽𝑞(𝑥) and 𝐾𝑞(𝑥) are the 𝑞-th order of 
Bessel function of the first kind and the modified Bessel function of the 
second kind respectively. The solution for the 𝑧-component can be 
written as: 
 

 
𝐸𝑧 = 𝐴𝐽𝑞 �
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(𝑞𝜑) 𝑒𝑗(𝜔𝑡−𝛽𝑧) 𝑟 ≥ 𝑎.
 (A.19) 

 
The remaining terms 𝐸𝑟, 𝐸𝜑, 𝐻𝑟, 𝐻𝜑 and 𝐻𝑧 can be derived from 
Maxwell’s equation: 
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 (A.20) 

 
and: 
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 (A.21) 

 

136 



 
 
where we have assumed that the electric and magnetic field have the 
same time dependence. If we also assume that both magnetic and electric 
field have the same 𝑧-dependence: ~exp (−𝑗𝛽𝑧), the equations for the 
different fields become: 
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(A.22a) 
 

(A.22b)  
 

(A.22c)  
 

(A.22d)  
 

(A.22e)  
 

(A.22f) 

 
Since the magnetic field 𝑯 also obeys the Helmholtz equation in eq. 
(A.1), we can assume that the 𝑧-component takes a similar form as the 
electric field. However, continuity at the region interface dictates that the 
azimuthal component needs to be out of phase for the electric and 
magnetic field: 
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𝑎 � 𝑠𝑖𝑛

(𝑞𝜑) 𝑒𝑗(𝜔𝑡−𝛽𝑧) 𝑟 ≥ 𝑎.
 (A.23) 

 
To solve for the other field components, we start with eq. (A.22b) and 
combine it with eq. (A.22d): 
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 (A.24) 

 
where in the last step we have used 𝜔2𝜀𝜇 = 𝑛𝑖2𝑘02. In a similar fashion 
eq. (A.22a) and (A.22e) gives: 
 

 𝐻𝜑 = �
−𝑗

𝑛𝑖2𝑘02 − 𝛽2
� �𝜔𝜀

𝜕𝐸𝑧
𝜕𝑟 +

𝛽
𝑟
𝜕𝐻𝑧
𝜕𝜑 � 

(A.25) 

 
By inserting the expressions from eq. (A.24) and (A.25) into (A.22a) and 
(A.22d) we finally attain: 
 

 
𝐸𝑟 = �

−𝑗
𝑛𝑖2𝑘02 − 𝛽2

� �𝛽
𝜕𝐸𝑧
𝜕𝑟 +

𝜔µ
𝑟
𝜕𝐻𝑧
𝜕𝜑 � ,

𝐻𝑟 = �
−𝑗

𝑛𝑖2𝑘02 − 𝛽2
� �−

𝜔𝜀
𝑟
𝜕𝐸𝑧
𝜕𝑟 + 𝛽

𝜕𝐻𝑧
𝜕𝜑 � .

 (A.26) 
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B Side-view measurements of 
dimensions of Gemini fiber 

The Gemini fiber consists of two adjoining circular fibers with concentric 
cores in each branch. When splicing the Gemini fiber to other pieces of 
Gemini fiber or to two independent standard fibers, it is important that 
both cores overlap as much as possible. If the cores are misaligned, the 
light will be launched into the cladding instead, and will be lost. In order 
to match both cores simultaneously, it is vital that the distance between 
the cores is correct. When examining the Gemini fiber in end-view, by 
looking at a cleaved surface, it is straightforward to measure the core 
separation. 

When drawing the fiber, the end-view is not available and the core 
separation needs to be inferred from the side-view. However, since the 
fiber is free to rotate during drawing, it is necessary to relate the 
measurement of the projection in the 𝑥- and 𝑦-direction to the core 
separation, regardless of the rotation angle.  

Following is a derivation to show that the core separation can be 
calculated from the 𝑥- and 𝑦-projection through the equation: 
 
 𝐷 = 𝑋 + 𝑌 − √2𝑋𝑌. (B.1) 
 
If we assume that the cross-section of the Gemini fiber consists of two 
adjoining circles with equal but variable radii, the perimeter coordinates 
can be described by: 
 

 
(|𝑥|− 𝑅)2 + 𝑦2 = 𝑅2,
𝑦 = ±�2|𝑥|𝑅 − 𝑥2,

 (B.2a) 
(B.2b) 

 
as seen in Fig. B.1. 
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Fig. B.1. Illustration of two adjoining circles rotated 𝜃 = 0°. 

 
We assume that the fiber can rotate freely around its central axis, as seen 
in Fig. B.2 where the fiber has rotated 𝜃 = 30°. 
 

 

Fig. B.2. Illustration of two adjoining circles rotated 𝜃 = 0° and 
𝜃 = 30°. 

 
It is sufficient to determine the distance between the origin and the 
extension of the fiber into the first quadrant as the total height and width 
will be simply twice as large. The counterclockwise rotation of the axis 
(alias rotation), by angle 𝜃 is given by: 
 

 �𝑥
′

𝑦′� = �
𝑐𝑜𝑠 (𝜃) 𝑠𝑖𝑛 (𝜃)
−𝑠𝑖𝑛 (𝜃) 𝑐𝑜𝑠 (𝜃)� ∙ �

𝑥
𝑦�, (B.3) 

 
so that we have: 
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 𝑥′ = 𝑥𝑐𝑜𝑠(𝜃) + 𝑦𝑠𝑖𝑛(𝜃),
𝑦′ = −𝑥𝑠𝑖𝑛(𝜃) + 𝑦𝑐𝑜𝑠(𝜃). (B.4) 

 
The coordinates for the rotated right circle, in the rotated coordinate 
system is given by: 
 
 (𝑥′ − 𝑅)2 + 𝑦′2 = 𝑅2. (B.5) 
 
By inserting eq. (B.4) into (B.5), and simplifying the expression we 
obtain: 
 
 𝑦2 − 2𝑦𝑅 𝑠𝑖𝑛(𝜃) + 𝑥2 − 2𝑥𝑅 𝑐𝑜𝑠(𝜃) = 0, (B.6) 
 
which can be solved to: 
 

 𝑦 = 𝑅𝑠𝑖𝑛(𝜃) ± �𝑅2 𝑠𝑖𝑛2(𝜃) + 2𝑥𝑅 𝑐𝑜𝑠(𝜃) − 𝑥2. (B.7) 

 
In Fig. B.2 it is clear that the projection of the width and height of the 
rotated fiber will be given by the points where the derivative is zero and 
infinite respectively. Thus, by derivating eq. (B.7) we obtain: 
 

 
𝑑𝑦
𝑑𝑥 = ±

1
2

2𝑅𝑐𝑜𝑠(𝜃) − 2𝑥 
(𝑅2 𝑠𝑖𝑛2(𝜃) + 2𝑥𝑅 𝑐𝑜𝑠(𝜃) − 𝑥2)1/2 = �0

∞
�. (B.8) 

 
The derivative will be zero when the denominator is equal to zero, i.e.: 
 
 𝑥1 = 𝑅 𝑐𝑜𝑠(𝜃). (B.9) 
 
At this point, the 𝑦-coordinate will be: 
 

 𝑦1 = 𝑅𝑠𝑖𝑛(𝜃) ± �𝑅2 𝑠𝑖𝑛2(𝜃) + 2𝑅2 𝑐𝑜𝑠2(𝜃) − 𝑅2 𝑐𝑜𝑠2(𝜃)
= 𝑅𝑠𝑖𝑛(𝜃) ± 𝑅.

 (B.10) 

 
On the other hand, the derivative will be infinite when the numerator is 
equal to zero, i.e.: 
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𝑥22 − 2𝑥2𝑅 𝑐𝑜𝑠(𝜃) − 𝑅2 𝑠𝑖𝑛2(𝜃) = 0, 

𝑥2 = 𝑅 𝑐𝑜𝑠(𝜃) ± 𝑅, 
(B.11) 

 
which gives the 𝑦-coordinate: 
 

 

𝑦2 = 𝑅𝑠𝑖𝑛(𝜃) ± [𝑅2 𝑠𝑖𝑛2(𝜃) �

+ 2𝑅 𝑐𝑜𝑠(𝜃) (𝑅 𝑐𝑜𝑠(𝜃) ± 𝑅) − �(𝑅 𝑐𝑜𝑠(𝜃) ± 𝑅)2]1/2

= 𝑅𝑠𝑖𝑛(𝜃) ± [𝑅2 𝑠𝑖𝑛2(𝜃) � + 2𝑅2 𝑐𝑜𝑠2(𝜃) ± 2𝑅2 𝑐𝑜𝑠(𝜃)
−�𝑅2 𝑐𝑜𝑠2(𝜃) − 𝑅2 ∓ 2𝑅2 𝑐𝑜𝑠(𝜃)]1/2

= 𝑅 𝑠𝑖𝑛(𝜃).

 (B.12) 

 
The interesting coordinates are 𝑥2 and 𝑦1 as these describe the fiber’s 
extension in the 𝑥- and 𝑦-direction, and we have: 
 

 𝑥2 = 𝑅 𝑐𝑜𝑠(𝜃) ± 𝑅,
𝑦1 = 𝑅 𝑠𝑖𝑛(𝜃) ± 𝑅. (B.13) 

 
If 𝜃 = 0, i.e. the fiber is not rotated, we have: 
 

 𝑥2 = 𝑅 ± 𝑅,
𝑦1 = ±𝑅.  (B.14) 

 
If we only consider the first quadrant, i.e. 𝑥2,𝑦1 ≥ 0, and demand that 
𝑅 > 0, the first ‘±’ will reduce to a ‘+’. By rearranging eq. (B.13) we 
obtain: 
 

 
𝑐𝑜𝑠(𝜃) =

𝑥2
𝑅 − 1,

𝑠𝑖𝑛(𝜃) =
𝑦1
𝑅 − 1,

 (B.15) 

 
By taking the square of these expressions, we obtain: 
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cos2(θ) =

x22 + R2 − 2Rx2
R2 ,

cos2(θ) = 1 − sin2(θ) = 1 − �
y12 + R2 − 2Ry1

R2 � .
 (B.16) 

 
By equating these two expressions, we obtain: 
 

 

 𝑅2 − 2𝑅(𝑥2 + 𝑦1) + 𝑥22 + 𝑦12 = 0,

𝑅 = (𝑥2 + 𝑦1) ± �(𝑥2 + 𝑦1)2 − 𝑥22 − 𝑦12

= (𝑥2 + 𝑦1) ± �2𝑥2𝑦1.

 (B.17) 

 
When the fiber is positioned horizontally, the 𝑥-coordinate will have a 
maximum at 𝑥2 = 2𝑅, while 𝑦1 = 𝑅 is at a minimum, and vice versa for 
the vertical alignment. In this situation eq. (B.17) becomes: 
 

 𝑅 = 2𝑅 + 𝑅 ± √2 × 2𝑅 × 𝑅
= 3𝑅 ± 2𝑅.

 (B.18) 

 
Clearly only the ‘−‘ provides a viable solution. Thus, it is possible to 
calculate the radius as a function of 𝑥2 and 𝑦1. However, since 𝑥2 and 𝑦1 
are measurements of how far the fiber extends into the first quadrant, we 
have that: 
 

 𝑋 = 2𝑥2,
𝑌 = 2𝑦1, (B.19) 

 
where 𝑋 and 𝑌 are the projection of the total width and height of the 
fiber. By inserting this into eq. (B.17), we have: 
 

 𝑅 = �
𝑋
2 +

𝑌
2� −

�𝑋𝑌
2 , 

𝐷 = 2𝑅 = (𝑋 + 𝑌)− √2𝑋𝑌, 

(B.20) 
 

(B.21) 
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where 𝐷 is the diameter of each circle fiber. Since the core separation of 
the Gemini fiber is equal to the diameter of the circles, this provides a 
means to calculate this core separation. 
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C Tapering procedures 
This appendix describes the procedure to make a linear taper and a fused 
biconic taper from a Gemini fiber in the GPX-3400. 

C.1 Linear taper 
The following is a procedure to make a linear taper from the Gemini fiber 
in the GPX-3400. 
 
• Measure the core separation of the Gemini fiber to determine how 

much it needs to be tapered. 
• Center strip 5 cm of the Gemini fiber, using a razor blade and clean it 

with acetone. 
• Mount the fiber in the GPX using the correct program settings and 

starting positions for the holding blocks. 
• Make sure that the initial tension is ~20 g by moving the left holding 

block. 
• Set the filament power to ~40 W for standard fibers. 
• When tapering, the furnace will be stationary and both holding blocks 

will move to the left. The differential speed of the holding blocks 
determines the taper. If the leading holding block is accelerating, a 
down-taper is made, when it slows down, an up-taper is formed on the 
other side. In between, the acceleration is zero so that the differential 
speed is constant, giving a fiber waist with constant diameter. 

• When the taper is finished, the LDC-400 cleaver can be set to cleave 
the fiber at any desired position, e.g. at the taper waist. 

 

C.2 Fused biconic taper fiber coupler 
The following is a procedure to make a fiber coupler of a fused biconic 
taper from the Gemini fiber in the GPX-3400. 
 
• To be able to measure the coupling during tapering, low loss splices is 

required to both cores on both ends. 
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• The Gemini fiber is cleaved in the large diameter cleaver (LDC-400) 

using 250 µm insert with 250 µm graphite tip grove and flat top on the 
left and 250 µm V-groove insert and flat top on the right. The cleave 
tension used is set to ~300 g. At times, it was virtually impossible to 
achieve flat cleaves, but by removing 10 cm of the coating so that the 
entire fiber inside the fiber holders is stripped, this problem was 
resolved.  

• The two standard fibers (SMF28), are cleaved using the 250 µm insert 
with 125 µm graphite tip groove with flat top insert on the left, and 
125 µm V-groove with flat top inserts on the right. The fiber is 
stripped so that the coating stops just at the edge of the V-groove. The 
cleave tension is set to ~210 g. 

• The two cleaved SMF fibers are placed in a custom-made 2x125 µm 
‘W’ groove in the GPX-3400. One of the fibers is first placed so that 
its tip is beyond the splice region. If the Gemini fiber is already in 
place, it can be moved back to avoid damaging the fiber end-surfaces 
while manually aligning the two standard fibers. While holding the 
first fiber with a finger, the second fiber is placed in the holder on top 
of the first one. Great care needs to be taken to ensure that the first 
fiber does not come loose. Afterwards, the two fibers are pulled into 
position while monitoring the position with the camera. The fibers can 
be pulled back controllably a few micrometers by rotating the fiber 
while pulling on it. However, it is much more difficult to push the 
fibers. The fibers need to be aligned within 1 µm (i.e. less than one 
pixel) from each other to achieve a good splice. The fibers also need 
to be touching each other so that there is no air-gap in between. 
Isopropanol can be applied to the bare fibers using a syringe to force 
the fiber to adhere to each other, however this may not be necessary. 

• Both the Gemini fiber and the two SMF are rotated so that they form a 
‘V’, i.e. the left fiber is aligned at 45° angle as the left side of the V 
and vice versa for the right fiber. This is because the side-view mirrors 
examine the fiber at 45° angle. In order to have the two fibers parallel 
in the back view, while in-line in the front view, the fibers need to be 
rotated. Active alignment using a light source and photo-detectors can 
assists to ensure minimum splice losses. The splicing uses several 2 s 
pulses of 52 W using a 1 mm wide V2-graphite filament. The fiber 
splices exhibits rather weak tensile strength and even weaker shear 
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strength. However, the spliced fiber can be extracted from the GPX 
and protected using conventional shrink-tube splice protectors. 

• Once splices on both ends of the Gemini fiber are completed, the GPX 
is setup for tapering with a 3-mm wide iridium filament (which needs 
to be aligned) and 250 µm inserts with 250 µm graphite tip grooves 
along with flat top inserts on both sides. The holding blocks are 
aligned using SMF fibers and the inserts are locked in using the grub 
screws. The Gemini fiber is then center stripped (mechanically or 
chemically) ~5 cm and placed in the GPX so that the coating still 
remains within both fiber holders, including the graphite tips. The 
tension on the fiber is monitored to ensure that no residual stress is 
imparted on the fiber when mounting it. 20 g of tension is then applied 
to the fiber by moving one of the holding blocks outwards. 

• During the tapering, the iridium filament will be heated with 34 W 
while the furnace sweeps 4.5 mm back and forth with a speed of 
60 mm/s while the fiber holding blocks move outwards with a speed 
of 1 mm/min. Thus, the fiber glass will be drawn out from the heated 
region, creating an exponential taper of the fiber on both sides of the 
coupler. The tension is monitored during the tapering, and if it drops 
too low (<15 g), the temperature is reduced by ~0.5 W by sending the 
command ‘5setdac(1 xxx)1’ in the command line of the GPX. The 5 in 
the command is an identification of the processing card, ‘setdac’ refers 
to ‘set digital-analog-converter’. The number 1 refers to which 
parameter to be changed, in this case the furnace power which has 
number 1. The ‘xxx’ is a 3-digit number which determines the power 
applied to the filament with a factor of 8.2 DAC/W, e.g. 40 W equals 
328 DAC. The final ‘1’, after the brackets refers to at which time the 
command should be executed, i.e. after 1 millisecond. By reducing the 
DAC-value by 5 when the pull tension reduces below 15 g, the 
temperature will not be too high. If the temperature is reduced too 
much the fiber will be pulled apart. 

• The transmission of the coupler is monitored by injecting light into 
one arm, while measuring the output of the two arms on the other end. 
The tapering typically takes ~5 minutes but it is crucial to halt the 
process at the correct time, to ensure an accurate coupling ratio. A few 
seconds too long and the coupling will be a few percent off. 
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• Once the coupler is finished, the fiber is removed from the GPX with 

the help of an aluminum U-bar. By placing double-adhesive tape on 
the arms of the U-bar, the fiber can be lifted out of the GPX, while 
still under tension. The U-bar is then placed on a table so that the 
coupler is suspended a few millimeters above the surface. A 
microscope glass slide is placed below the fiber while still maintaining 
clearance. A small drop of UV-curing glue is placed on the glass slide 
next to the fiber on both sides of the coupler and UV cured for one 
minute. Then a small droplet is placed on the fiber to glue it to the 
previous drops of glue. This is to make sure that the fiber does not 
move while curing the glue as only a tiny portion of the glue is cured 
at the time. Four pillars of glue are constructed at each corner of the 
glass slide by multiple droplets with intermediate curing, and a second 
glass slide can be glued on top while still ensuring clearance to the 
coupler. If done properly, no excess loss is incurred by the gluing. If 
the coupler is made from two independent fibers, the coupling ratio 
can be tuned by stretching only one of the fibers during the gluing. 
However, this is not an option for the Gemini fiber.  
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D Coupling coefficient for identical 
parallel waveguides 

The derivations in this appendix closely follow the work in ref. [81]. 
Assuming that the electrical field in the two identical waveguides can be 
described by: 
 
 𝜓𝑖 = 𝐴𝑖𝐹0(𝑟𝑖), (D.1) 
 
where:  
 

 𝐹0(𝑟𝑖) =

⎩
⎪
⎨

⎪
⎧ 𝐽0 �

𝑢𝑟𝑖
𝑎 �

𝐽0(𝑢) 𝑟𝑖 ≤ 𝑎,

𝐾0 �
𝑤𝑟𝑖
𝑎 �

𝐾0(𝑤) 𝑟𝑖 ≥ 𝑎,

� (D.2) 

 
where 𝑢 and 𝑤 are defined by eq. (2.17), and 𝐽0(𝑥) and 𝐾0(𝑥) are the 
Bessel function of the first kind and the modified Bessel function of the 
second kind respectively. The function 𝐹0(𝑟𝑖) is normalized to 1 at 𝑟𝑖 = 𝑎 
for both waveguides. The parameter 𝑟𝑖 refers to the radial coordinates 
originating from each of the waveguides’ centers. If we assume that the 
propagation can be described using the symmetric and anti-symmetric 
supermodes, as a superposition of the propagation of the individual 
waveguides we have: 
 
 𝜓± = 𝜓�1 ± 𝜓�2, (D.3) 
 
each with amplitude 𝐵± and propagation constant 𝛽±. If we assume that 
the two waveguides are sufficiently separated to be able to regard the 
extraneous core as a small perturbation, the unperturbed propagation 
constant can be written as �̅� = �̅�1 and the unperturbed field as 𝜓� = 𝜓�1 
since the light is launched into waveguide 1, and in the absence of 
waveguide 2, it would maintain these propagation properties. However, 
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the presence of the second waveguide perturbs the field into 𝜓 = 𝜓±. 
Both the perturbed and the unperturbed modes must obey the wave 
equation independently, thus:  
 
 �𝛻𝑡2 + 𝑘2𝑛2(𝑥, 𝑦) − 𝛽±

2�𝜓± = 0, (D.4a) 

 �𝛻𝑡2 + 𝑘2𝑛�2(𝑥,𝑦) − �̅�1�𝜓�1 = 0. (D.4b) 
 
where ∇𝑡2 is the transverse Laplacian. By multiplying eq. (D.4a) with 𝜓� 
and eq. (D.4b) with 𝜓± and setting them equal, we obtain: 
 

 
𝜓�1𝛻𝑡2𝜓± − 𝜓±𝛻𝑡2𝜓�1 = �𝑘2�𝑛�12(𝑥,𝑦) − 𝑛2(𝑥,𝑦)��

+ �(𝛽±
2 − �̅�12)�𝜓±𝜓�1.

 (D.5) 

 
If we integrate eq. (D.5) over the infinite transverse plane and use the 
integral identity: 
 

 �[𝜓𝛻2𝜒 − 𝜒𝛻2𝜓]
𝑆

𝑑𝑆 = � [𝜓𝛻𝜒 − 𝜒𝛻𝜓] ∙ 𝑛�𝑑𝑙
𝑙

, (D.6) 

 
we obtain: 
 

 

�𝛽±
2 − �̅�12�� 𝜓±𝜓�1

𝑆

𝑑𝑆+ = �[𝜓�1𝛻𝑡𝜓± − 𝜓±𝛻𝑡𝜓�1] ∙ 𝑛�𝑑𝑙
𝑙

+ 𝑘2 �(𝑛2 − 𝑛�12)𝜓±𝜓�1
𝑆

𝑑𝑆.

 (D.7) 

 
The first integral on the right side is zero since the line integral is taken at 
infinity and 𝜓+, 𝜓−, and their derivatives vanishes at infinity. If we 
assume weak guidance, we can approximate �𝛽±

2 − �̅�12� ≅ 2𝑘𝑛𝑐𝑜�𝛽± −
�̅�1� and (𝑛2 − 𝑛�12) = 2𝑛𝑐𝑜(𝑛 − 𝑛�1) . The equation thus becomes: 
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 𝛽±  = �̅�1 +
𝑘 ∫ (𝑛 − 𝑛�1)𝜓±𝜓�1𝑆 𝑑𝑆

∫ 𝜓±𝜓�1𝑆 𝑑𝑆
. (D.8) 

 
In the denominator, the integrand can be expanded to: 
 
 𝜓±𝜓�1 = (𝜓�1 ± 𝜓�2)𝜓�1. (D.9) 
 
Since 𝜓1 decays exponentially outside waveguide 1 and 𝜓2 does the 
same outside waveguide 2, the term 𝜓2𝜓�1 will be negligible compared to 
𝜓1𝜓�1 ≅ 𝜓�12. The term (𝑛 − 𝑛�1) vanishes within waveguide 1 so the 
remaining integral will be dominated by the contribution from waveguide 
2. Thus, the equation simplifies to: 
 

 𝛽±  = �̅�1 +
𝑘 ∫ (𝑛 − 𝑛�1)𝜓�2𝜓�1𝑆 𝑑𝑆

∫ 𝜓�12𝑆 𝑑𝑆
≡ �̅�1 + 𝐶. (D.10) 

 
The normalization factor in the denominator can be integrated as follows: 
 

 

𝑁 = � 𝐴12𝐹02(𝑟)
𝑆

𝑑𝑆 = 𝐴12 � 𝑑𝜑
2𝜋

𝜑=0

� 𝑟𝑑𝑟
∞ 

𝑟=0

𝐹02(𝑟),

= 2𝜋𝐴12 � � 𝑟𝑑𝑟
𝑎 

𝑟=0

𝐽02 �
𝑢𝑟
𝑎 �

𝐽02(𝑢)
�

+ � � 𝑟𝑑𝑟
𝑎 

𝑟=0

𝐾02 �
𝑤𝑟
𝑎 �

𝐾02(𝑤) � .

 (D.11) 

 
By using the rules for Bessel functions: 
 

 �𝑧 𝐽02(𝑎𝑧)𝑑𝑧 =
𝑧2

2
[𝐽02(𝑎𝑧) + 𝐽12(𝑎𝑧)], (D.12a) 
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 �𝑧𝐾02(𝑎𝑧)𝑑𝑧 =
𝑧2

2
[𝐾02(𝑎𝑧)− 𝐾12(𝑎𝑧)], (D.12b) 

 
we obtain: 
 

 

𝑁 = 𝜋𝐴12

⎩
⎨

⎧�𝑟2 �𝐽02 �
𝑢𝑟
𝑎 � + 𝐽12 �

𝑢𝑟
𝑎 ���0

𝑎

𝐽02(𝑢)
�

+ �
�𝑟2 �𝐾02 �

𝑤𝑟
𝑎 � − 𝐾12 �

𝑤𝑟
𝑎 ���𝑎

∞

𝐾02(𝑤)
⎭
⎬

⎫
.

 (D.13) 

 
The first term goes to zero at the lower limit since it is multiplied by 
lim𝑟→0 𝑟2. The second term goes to zero at the upper limit since the terms 
𝐾02(𝑟) and 𝐾12(𝑟) goes to zero faster than 𝑟2 goes to infinity. The 
remaining terms are: 
 

 𝑁 = 𝜋𝐴12𝑎2 �1 +
𝐽12(𝑢)
𝐽02(𝑢) − 1 +

𝐾12(𝑤)
𝐾02(𝑤)�. (D.14) 

 
By using the boundary condition: 
 

 𝑢
𝐽1(𝑢)
𝐽0(𝑢) = 𝑤

𝐾1(𝑤)
𝐾0(𝑤), (D.15) 

 
the equation simplifies further to: 
 

 𝑁 = 𝜋𝐴12𝑎2 �
𝑤2

𝑢2 + 1�
𝐾12(𝑤)
𝐾02(𝑤) = 𝜋𝐴12𝑎2

𝑣2

𝑢2
𝐾12(𝑤)
𝐾02(𝑤). (D.16) 

 
If we assume that the normalization is equal to 1 we obtain: 
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 𝐴1 =
1

 √𝜋𝑎
 
𝑢
𝑣
𝐾0(𝑤)
𝐾1(𝑤). (D.17) 

 
To determine 𝐴2, we need to examine the initial condition. If we assume 
that the electric field can be describe by: 
 
 𝐸 = 𝐵+𝜓+𝑒−𝑖𝛽+𝑧 + 𝐵−𝜓−𝑒−𝑖𝛽−𝑧, (D.18) 
 
where 𝐵± and 𝛽±are the amplitudes and propagation constants of the 
symmetric and anti-symmetric modes respectively, then in the vicinity of 
waveguide 2, the modes will be: 
 
 𝜓+ ≅ −𝜓− ≅ 𝜓�2, (D.19) 
 
since 𝜓�1 decays exponentially outside waveguide 1. If we assume that the 
input light at 𝑧 = 0 is only in waveguide 1, i.e. 𝐸 = 0 at waveguide 2, we 
have: 
 
 𝐵+𝜓+ + 𝐵−𝜓− = 𝜓�2(𝐵+ − 𝐵−) = 0, (D.20) 
 
i.e. 𝐵+ = 𝐵−. If we write the electric field after propagating distance 𝑧, 
and using the definition of eq. (D.10), we have: 
 

 
𝐸 = 𝐵+𝜓+𝑒−𝑖(𝛽

�1+𝐶)𝑧 + 𝐵+𝜓−𝑒−𝑖(𝛽
�1−𝐶)

= 𝐵+𝑒−𝑖𝛽
�1𝑧�𝜓+𝑒−𝑖𝐶𝑧 + 𝜓−𝑒−𝑖𝐶𝑧�

= 𝐵+𝑒−𝑖𝛽
�1𝑧(𝜓1𝑐𝑜𝑠 (𝐶𝑧) + 𝜓2𝑠𝑖𝑛 (𝐶𝑧)).

 (D.21) 

 
Thus the electric field in the two waveguides will be: 
 

 𝐸1 = 𝐵+𝑒−𝑖𝛽
�1𝑧𝜓1 𝑐𝑜𝑠(𝐶𝑧) ,

𝐸2 = 𝐵+𝑒−𝑖𝛽
�1𝑧𝜓2 𝑠𝑖𝑛(𝐶𝑧) .

 (D.22) 
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If we integrate the square of eq. (D.22) and normalize the input power to 
𝑃1(0) = 1 and 𝑃2(0) = 0 we obtain the power beating between the two 
cores: 
 

 𝑃1(𝑧) = 𝑐𝑜𝑠2(𝐶𝑧) ,
𝑃2(𝑧) = 𝑠𝑖𝑛2(𝐶𝑧) .

 (D.23) 

 
To obtain the coupling coefficient, we need to evaluate the integral in eq. 
(D.10). Since the normalization in the denominator is equal to 1, the 
coupling coefficient becomes: 
 

 𝐶 = 𝑘�(𝑛 − 𝑛�1)𝜓�2𝜓�1
𝑆

𝑑𝑆. (D.24) 

 
Since the factor (𝑛 − 𝑛�1) is zero in waveguide 1 and almost zero in the 
cladding, and both electric fields decay exponentially outside the 
waveguides, the major contributing factor for the integral in eq. (D.24) 
will be from within waveguide 2. Thus, the integral over the infinite 
cross-section can be reduced to an integral over waveguide 2: 
 

 𝐶 = 𝑘� 𝑑𝜑�(𝑛 − 𝑛�1)𝜓�1(𝑟1)𝜓�2(𝑟2)𝑟𝑑𝑟
𝑎

0

2𝜋

0

. (D.25) 

 
Here we have assumed that the second waveguide also have radius a and 
that both fields are expressed in their local coordinate systems. The 
integral thus becomes: 
 

 𝐶 = 𝑘� 𝑑𝜑2

2𝜋

0

�(𝑛 − 𝑛�1)𝐴1𝐴2
𝐾0 �

𝑤𝑟1
𝑎 �

𝐾0(𝑤)
𝐽0 �

𝑢𝑟2
𝑎 �

𝐽0(𝑢) 𝑟2𝑑𝑟2.
𝑎

0

 (D.26) 

 
If we assume that the two amplitudes 𝐴1 and 𝐴2 are equal (which is safe 
to assume since 𝐵+ = 𝐵−) we have: 
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𝐶 =
𝑘

 𝜋𝑎2  
𝑢2

𝑉2
𝐾0(𝑤)

𝐾12(𝑤)𝐽0(𝑢)

× � 𝑑𝜑2

2𝜋

0

�(𝑛 − 𝑛�1)𝐾0 �
𝑤𝑟1
𝑎 � 𝐽0 �

𝑢𝑟2
𝑎 � 𝑟2𝑑𝑟2.

𝑎

0

 (D.27) 

 
If we assume that 𝑛 = 𝑛𝑐𝑜 and 𝑛 = 𝑛𝑐𝑙𝑎𝑑 in the two waveguides and in 
the cladding respectively and that 𝑛�1 = 𝑛𝑐𝑜 inside waveguide 1 and 
𝑛�1 = 𝑛𝑐𝑙𝑎𝑑  everywhere else, we get: 
 
 (𝑛 − 𝑛�1) = (𝑛𝑐𝑜 − 𝑛𝑐𝑙𝑎𝑑) = 𝑛𝑐𝑜𝛥, (D.28) 
 
since: 
 

 𝛥 =
1
2

(𝑛𝑐𝑜2 − 𝑛𝑐𝑙𝑎𝑑2 )
𝑛𝑐𝑜2

 ≅
𝑛𝑐𝑜 − 𝑐𝑐𝑙𝑎𝑑

𝑛𝑐𝑜
, (D.29) 

 
in the weak guiding approximation. We also have: 
 
 𝑉 = 𝑘𝑎(𝑛𝑐𝑜2 − 𝑛𝑐𝑙2 )1/2  = 𝑘𝑎𝑛𝑐𝑜√2𝛥 (D.30) 
 
thus, eq. (D.27) becomes: 
 

 

𝐶 = �
𝛥
2�

1/2 1
 𝜋𝑎3  

𝑢2

𝑉
𝐾0(𝑤)

𝐾12(𝑤)𝐽0(𝑢)

× � 𝑑𝜑2

2𝜋

0

�𝐾0 �
𝑤𝑟1
𝑎 � 𝐽0 �

𝑢𝑟2
𝑎 � 𝑟2𝑑𝑟2.

𝑎

0

 (D.31) 

 
By rewriting the Bessel functions for the first waveguide into the 
coordinate system of the second waveguide using: 
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𝐾𝑚(𝑎𝑟1) �

𝑐𝑜𝑠 (𝑚𝜑1)
𝑠𝑖𝑛(𝑚𝜑1)

� = ± � (−1)𝑝𝐾𝑚+𝑝(𝑎𝑑)
∞

𝑝=−∞

× 𝐼𝑝(𝑎𝑟2) �
𝑐𝑜𝑠 (𝑝𝜑2)
𝑠𝑖𝑛(𝑝𝜑2)

� ,

 (D.32) 

 
where 𝑑 is the center-to-center separation between the two waveguides 
and 𝐼𝑝(𝑧) is the modified Bessel function of the first kind of order 𝑝. 
Since 𝑚 = 0, this simplifies to: 
 

 𝐾0(𝑎𝑟1) = � (−1)𝑝𝐾𝑝(𝑎𝑑)
∞

𝑝=−∞

𝐼𝑝(𝑎𝑟2)𝑐𝑜𝑠 (𝑝𝜑2), (D.33) 

 
and, since cos(−𝑝𝜑2) = −cos (𝑝𝜑2) the only contributing term in the 
infinite series will be for 𝑝 = 0. Thus eq. (D.31) becomes: 
 

 

𝐶 = �
𝛥
2�

1/2 1
 𝜋𝑎3  

𝑢2

𝑉
𝐾0(𝑤)

𝐾12(𝑤)𝐽0(𝑢)

× 𝐾0 �
𝑤𝑑
𝑎 �� 𝑑𝜑2 � 𝐼0 �

𝑤𝑟2
𝑎 � 𝐽0 �

𝑢𝑟2
𝑎 � 𝑟2𝑑𝑟2

𝑎

0

2𝜋

0

.
 (D.34) 

 
By using the Bessel integration formula: 
 

 �𝑧𝐽0(𝑎𝑧)𝐼0(𝑏𝑧)𝑑𝑧 =
𝑧

𝑎2 + 𝑏2
{𝑏𝐽0(𝑎𝑧)𝐼1(𝑏𝑧) �

+ �𝑎𝐽1(𝑎𝑧)𝐼0(𝑏𝑧)}.
 (D.35) 

 
and evaluating the limits of the integral, the lower limit yielding zero, the 
last term of eq. (D.34) becomes: 
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𝐾0(𝑤)
𝐽0(𝑢) �𝐽0 �

𝑢𝑟2
𝑎 � 𝐼0 �

𝑤𝑟2
𝑎 � 𝑟2𝑑𝑟2

𝑎

0

=
𝐾0(𝑤)
𝐽0(𝑢)

1
𝑢2 + 𝑤2

× {𝑤𝐽0(𝑢)𝐼1(𝑤) �
+ �𝑢𝐽1(𝑢)𝐼0(𝑤)}.

 (D.36) 

 
Thus we have the term: 
 

 

𝑤
𝑉2 𝐾0

(𝑤)𝐼1(𝑤) +

𝑢
𝑉2

𝐽1(𝑢)
𝐽0(𝑢) 𝐾0(𝑤)𝐼0(𝑤) =

𝑤
𝑉2

[𝐾0(𝑤)𝐼1(𝑤) + 𝐾1(𝑤)𝐼0(𝑤)],

= 1/𝑉2,

 (D.37) 

 
where in the first step we have used: 
 
 𝑢2 + 𝑤2 = 𝑉2, (D.38) 
 
and the boundary condition: 
 

 𝑢
𝐽1(𝑢)
𝐽0(𝑢) = 𝑤

𝐾1(𝑤)
𝐾0(𝑤). (D.39) 

 
In the second step we have used the Wronskian relation: 
 

 𝑊{𝐾0(𝑧), 𝐼0(𝑧)} = 𝐾0(𝑧)𝐼1(𝑧) + 𝐼0(𝑧)𝐾1(𝑧) =
1
𝑧. (D.40) 

 
This results in the well known coupling coefficient: 
 

 𝐶 =
(2𝛥)1/2

 𝑎3  
𝑢2

𝑉3
𝐾0 �

𝑤𝑑
𝑎 �

𝐾12(𝑤) . (D.41) 
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E Modulation depth of 
interferometer 

If we assume that we have a perfectly balanced Mach-Zehnder 
interferometer with equal arm lengths and two 50/50% couplers and that 
the amplitude of the electrical field injected into only arm one is 𝐸0. The 
light in arm A and B after the first coupler will be: 
 

 𝐴1 = 𝐵1 =
𝐸0
√2

. (E.1) 

 
At the second coupler, the light can either constructively or destructively 
interfere giving: 
 

 
𝐴2𝑚𝑎𝑥 = 𝐴1 + 𝐵1 = 𝐸0,
𝐴2𝑚𝑖𝑛 = 𝐴1 − 𝐵1 = 0,

 (E.2) 

 
and the modulation depth is given by: 
 

 𝑚 = 10 × 𝑙𝑜𝑔10 �
𝐴2𝑚𝑎𝑥

𝐴2𝑚𝑖𝑛� = ∞. (E.3) 

 
However, if the coupling ratios are slightly perturbed from the ideal value 
we obtain: 
 

 
𝐴1 = 𝐸0�𝑋 + 𝛿1,
𝐵1 = 𝐸0�𝑋 − 𝛿1,

 (E.4) 

 
where 𝑋 = 0.5 and 𝛿1 is the small deviation from 50% of the first 
coupler. The output of the second coupler will be: 
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𝐴2𝑚𝑎𝑥 = 𝐴1�𝑋 + 𝛿2 + 𝐵1�𝑋 − 𝛿2
= 𝐸0��𝑋 + 𝛿1�𝑋 + 𝛿2 + �𝑋 − 𝛿1�𝑋 − 𝛿2�,

𝐴2𝑚𝑖𝑛 = 𝐴1�𝑋 + 𝛿2 − 𝐵1�𝑋 − 𝛿2
𝐸0��𝑋 + 𝛿1�𝑋 + 𝛿2 − �𝑋 − 𝛿1�𝑋 − 𝛿2�,

 (E.5) 

 
where, 𝛿2 is the deviation of the second coupler. This can be rewritten as: 
 

 

𝐴2𝑚𝑎𝑥 = 𝐸0𝑋��1 +
𝛿1𝛿2
𝑋2 +

1
𝑋

(𝛿1 + 𝛿2) �

+ ��1 +
𝛿1𝛿2
𝑋2 −

1
𝑋

(𝛿1 + 𝛿2)�

= 𝐸0𝑋 �2 +
𝛿1𝛿2
𝑋2 �

,

𝐴2𝑚𝑖𝑛 = … = 𝐸0(𝛿1 + 𝛿2),

 (E.6) 

 
where the Taylor expansion √1 + 𝑋 = 1 + 𝑋

2
+ ⋯ has been used. The 

modulation depth thus becomes: 
 

 
𝑚 = 10 × 𝑙𝑜𝑔10 �

𝐴2𝑚𝑎𝑥

𝐴2𝑚𝑖𝑛�

= 10 × 𝑙𝑜𝑔10 �
(1 + 2𝛿1𝛿2)

(𝛿1 + 𝛿2) � ,
 (E.7) 

 
where 𝑋 = 0.5 has been employed. If we assume that the two deviations 
are identical 𝛿1 = 𝛿2 = 𝛿, the modulation depth becomes: 
 

 𝑚 = 10 × 𝑙𝑜𝑔10 �
(1 + 2𝛿2)

2𝛿 �, (E.8) 

 
which is shown in Fig. E.1. Thus, for only 1.5% deviation, the 
modulation depth reduces to 15 dB. 
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Fig. E.1. Calculated dependence between modulation depth and 
deviation from 50/50 coupling for Mach-Zehnder coupler with two 

identical couplers. 
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