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Abstract

Photonic crystal fibers (PCFs) have been an interesting field of study for several decades.
Their guiding mechanism is today well understood and there are drawing techniques
capable of producing increasingly longer fibers, bringing the cost down and providing
higher fiber availability. The flexibility of PCF design allows tailoring of the fiber properties
for a specific application. However, the PCF’s design differs significantly from the typical
single-mode fibers (SMFs) that are widely used and readily available. Therefore, to fully
utilize the PCF's an efficient coupling method of SMF and PCF is required.

The coupling method must be flexible enough to account for different PCF designs
and their mode-field diameters to achieve minimal insertion losses. In case of hollow-core
fibers (HCFs) the method should also reduce the Fresnel losses that occur at the interface
between solid-core SMF and the air-core of HCF. Furthermore, it must be able to mitigate
the cross coupling into higher-order modes (HOM).

In this thesis I first demonstrate a simple but accurate technique to characterize PCF
properties, which enabled us to design an efficient coupling method with SMF. A real
interconnection is then demonstrated based on the proposed coupling method for two
different HCF's. Lastly I demonstrate use of the proposed interconnection technique in
practical applications of HCF-based Fabry-Perot interferometer and microwave photonics
HCF-based delay line.
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Abstrakt

Fotonicka vlakna (photonic crystal fibers, PCFs) jsou jiz nékolik dekad velmi zajimavou
oblasti vyzkumu. Mechanismy vedeni svétla v nich jsou v soucasnosti jiz dobfe popsany a
navic dnesni metody vyroby vlaken PCF umoznuji dosazeni stale delsich tiiseku béhem
jednoho tahu, coz znacné snizuje jejich cenu a tedy i zvysuje jejich dostupnost. Flexibilita
navrhu PCF umoznuje prizptsobeni vlastnosti vlakna ke konkrétni aplikaci. Nicméné
navrh PCF se znacné lisi od typickych jednovidovych vlaken (single-mode fibers, SMF),
ktera jsou dobre dostupna a bézné vyuzivana. Pro plné vyuziti PCF je tedy nezbytné
vyvinout metody efektivni vazby mezi SMF a PCF.

V navrhu takové vazby musi byt zahrnuta velka skala moZnych PCF designu a profili,
vcetneé rozdilnych Sitek stopy pole (mode-field diameters, MFD). V pripadé dutych vlaken
(hollow-core fibers, HCF) takova vazba musi byt schopna potlacit Fresnelovy ztraty, ke
kterym dochéazi na rozhrani mezi pevnym jadrem SMF a vzduchovym jadrem v HCF.
Nakonec takové napojeni musi byt schopno omezit vybuzeni vyssich vida (higher order
modes, HOMs).

V této praci nejprve predstavim odvozenou, ale presnou metodu slouzici k popisu vlast-
nosti realnych PCF, na jejimz zakladé pak nasledné byla vyvinuta efektnivni vazba PCF se
SMF. Takové propojeni je pak demonstrovano na dvou riznych HCF. Nakonec je ukazano
vyuziti metody propojeni ve dvou praktickych aplikacich interferometrt zaloZenych na
HCF. Jedna se o ukazku Fabry-Perotova interferometru a zpozd'ovaci linky zaloZené na
HCEF.

Klicova Slova

Fotonicka vlakna, hollow-core vlakna, metody vazby, vlaknova propojeni
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1 ‘ Introduction

CHAPTER

he inception of photonic crystal fibers (PCF's) by T. A. Birks, P. S. J. Russell and their
Tgroup at the University of Bath in 1995 [1, 2] has created a new and exciting field
of optical fiber research. Thanks to the new principle of light guiding in optical fibers,
this field has attracted much interest from the scientific community. Indeed, significant
progress has been made in PCF in just two decades. Both from the a design point of view,

and in terms of manufacturing and practical applications.

The first demonstrated PCFs had many defects in the air-hole structure and were
only a few dozen centimeters long. However, with increasing sophistication and precision
in the design and manufacturing process, it is now possible to tailor the properties of
PCF's exactly, such as nonlinearity or the dispersion profile, to the specific application by
changing the design of the air-hole structure. This is in stark contrast to bulk fibers, such
as typical single-mode fibers (SMF's), where these critical properties are mostly dependent

on the chosen material of the fiber.

Using PCFs, it is possible to tailor fiber nonlinearity y by changing the size of the
core area of a PCF. A large core area and low y are beneficial for high-power delivery
applications. On the other hand, there are many applications, such as supercontinuum
generation (SCG) [3], optical parametric amplification or nonlinear pulse compression
benefiting from high y, which are possible in PCFs as y in ordinary SMFs is too low
(y=0.78 W-1.km™!) to be efficiently used in a nonlinear application.

What is more, PCFs are capable of guiding light in air, confined by the surrounding
glass structure in the hollow-core type fibers (HCFs). HCFs provide many additional
benefits over typical SMFs. These stem from the fact that light propagates in the air,
instead of in the glass material. Therefore hollow-core fibers are capable of low latency
(speed of light propagation) [4, 5], low nonlinearity [4, 6, 7], high damage threshold, high
thermal stability [4, 8] and potentially ultra-low losses. For these reasons HCFs have been
identified as a possible candidate to replace existing SMFs for particular applications in

telecommunication networks [9].

Typically a finite element method can be used to design and calculate PCF mode-
field distribution. From mode-field distribution it is then possible to analytically derive
PCF properties, such as dispersion, mode effective area (A¢) or y. However, such an

approach is insufficient because it is known that during the PCF drawing process a small



deformation of the air-hole structure occurs. These deformations happen due to small
changes in viscosity, pressure or surface tension at the time when the glass material
is melted. While the PCF air-hole deformation may appear small, they can result in
significant errors in the derived PCF properties [10, 11]. This is especially true for the
chromatic dispersion curve, as waveguide dispersion is typically dominant in PCF's.

New modeling techniques, such as the fluid dynamics model, attempt to overcome such
limitations as this technique models the entire drawing process and, therefore, can predict
the PCF air-hole structure deformation that can occur [12]. This technique can also help
optimizing PCF drawing process which can improve produced fiber lengths and therefore
reduce the cost of the PCFs [13]. This can, again, facilitate the wider adoption of PCF's
into fiber-optic systems.

To easily incorporate PCF's into existing fiber-optic systems and networks, it is neces-
sary to create a simple, permanent, reliable and cost-efficient solution for coupling PCF's
with conventional SMFs.

Mode-field distribution of PCF's typically differs from that of SMFs. This must be
accounted for to reduce coupling losses and is often compensated with a mode-field
adapter (MFA). Additionally, if the difference in the refractive indices of PCF and SMF is
presented, a Fresnel reflection can occur at the PCF-SMF interface. The reflection then
causes both coupling losses and back-reflection, which can be detrimental in reflection-
sensitive applications, notably high-power applications and interferometers. This is
especially of interest in the case of HCF's as the air-glass interface presents a high contrast
of refractive indices.

Common methods of permanent fiber interconnection, such as fusion splicing, are
difficult to implement with PCFs, as there is a risk of air-holes collapsing due to overheat-
ing the glass material, back reflection not being mitigated with splicing and mode-field
adaptation being hard to control.

This thesis focuses on methods of efficient coupling between SMF and PCFs. I will first
briefly introduce the theoretical evaluation of the PCF-SMF interconnection. Then, I will
overview existing methods of signal coupling into PCF's and the results that were achieved
by these methods. Lastly, I will present my own work on this topic in the form of published

journal papers, which will be accompanied by a short description of my contribution.



‘State of the art

CHAPTER

n this section I overview the state-of-the-art achievements of the PCF-SMF coupling
Iand interconnection. I start with a theoretical analysis of the interconnection and
present the challenges. I then examine efficient coupling methods used to create a SMF-
PCF interconnection starting with the least complex ones before continuing into more

sophisticated solutions.

2.1 Microstructured fiber design

The topic of PCF's is incredibly broad with a vast history. In this thesis I limit the scope
to two separate PCFs groups: index-guided PCF (IG-PCF) and HCF, where HCF can be
further separated based on its guidance mechanism into photonic-bandgap fibers (PBGF's)
and anti-resonant fibers (ARFs); ARF's are currently the most promising fiber design
both in research and applications. Examples of the various PCF designs can be seen in

Figure 2.1.

Figure 2.1: Examples of PCF designs [14]. (a) highly nonlinear PCF, (b) endlessly single-
mode PCE, (c) double-clad PCF with offset doped lasing core and high-numerical aperture
inner cladding for pumping (d) birefringent PCE, (e) dual-solid-core PCE, (f) 19-cell hollow-
core PCE, (g) hollow-core PCF with a Kagome lattice.



The concept of photonic crystal was first described by Yablonovitch in 1987 [15].
However, it was not until 1995 when Russel and his group demonstrated the first photonic
crystal fiber[1, 2]. Photonic bandgap presents periodic changes of refractive index, these
then create the forbidden bands of wavelengths at which light cannot propagate. In PCFs
these changes are created using a periodic air-hole structure in an otherwise homogeneous
glass material and the light is then trapped in a bandgap structure defect - a missing

air-hole in the center of the bandgap structure.

The PCF design presents many advantages since the PCF properties can be tailored
by modifying the air-hole structure. For example, by changing the air-hole structure,
waveguide dispersion of the PCF can be tailored to the specific application. This is because
PCF's can be designed in such a way that waveguide dispersion becomes the dominant
part of the chromatic dispersion.

In [16] it was shown that by using air-holes of varying sizes it is possible to better
control the chromatic dispersion and its slope. In this paper the authors have presented a
theoretical PCF design with ultra-flat dispersion of 0+ 0.5 ps/(km-nm) from 1.19 to 1.69 um.
By using a different (sunflower) air-hole arrangement, it was shown [17] to provide a flat

dispersion of 0.249 + 1.146 ps/(km-nm) ranging from 1.20 to 1.84 um.
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Figure 2.2: Chromatic dispersion dependence on the core size of the germanium doped PCF
[18]. Each curve shows chromatic dispersion for different diameter of the core in square
PCF lattice. Calculated for pitch A =3 u m, air-hole diameter do =2.2um

Paper [18] presents a numerical analysis of the design with a square and triangular
PCF lattice. This design provided chromatic dispersion ranging from -210 to 15 ps/(km-nm)
over wavelengths from 0.6 to 1.8 pm and large birefringence in the order of 1073. The
resulting dispersion curve based on the PCF structure can be seen in Figure 2.2.

Another interesting property of the PCF's is their ability to guide only the fundamental
mode at any wavelength. This is called endlessly single-mode (ESM) fibers [19].
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2.1. MICROSTRUCTURED FIBER DESIGN

A single-mode operation can be described by a normalized frequency that describes
the cut off value for the fundamental mode. In PCF's this can be described as [19]:

2w A o 5
— \/ 2 2
Vefr = A F " material ~ air ? 2.1)

where A is pitch (distance between the centers of the neighboring air-holes), air filing
factor F = % (d is the diameter of the air-hole), nyaterial 1S the refractive index of the fiber
material and n g, is the refractive index of air.

From Equation 2.1, we can see that the V¢ can be changed via PCF design by modifying
the parameters % and F = %. It is therefore possible to create a PCF air-hole structure
where the PCF can exhibit endlessly single-mode behavior for any chosen wavelength.
However, this does not mean that all PCFs are ESM. It is only true for the PCFs with
smaller air-holes and, therefore, smaller air-filling factor F. Example of the V¢ value

based on % and F = % parameters can be seen in Figure 2.3.

5 T T

Veff

Figure 2.3: The Vg values based on the % and F = % parameters. Dashed line represents
value 2.405 which is a cutoff value for SMFs [19].

ESM behavior can also be understood by considering the air-hole structure to be a sort
of modal filter where the transverse effective wavelength of the fundamental mode is too
large to pass through the space between air-holes, and is, therefore, confined to the core
area. HOMs can escape through the air-hole structure if F' is sufficiently small, since their
transverse effective wavelength is shorter. With increasing size of the air-holes, the HOMs
can be confined and propagate as well [19], [14].

PCF design can be further tailored for the specific application while still maintaining
an ESM regime. In [20] the authors have shown ESM fiber where additional smaller
air-holes were added around the core, which provided a good control of the dispersion
curve and low bending loss due to good field confinement.

In [21] the authors have demonstrated an alternative method, where changes are
made to the outer part of the the air-hole area while the core region remains unchanged.

These changes include the size of the air-holes, as well as the insertion of rods with a high

5



refractive index. This allowed for the ESM regime to be achieved, low confinement loss
(up to 107% dB/km) and a large mode area (A = 385 p.m2 at 0.8 uym, which is a 2.2 times

improvement over the fiber without the high refractive index rods).

Photonic bandgap fibers

Based on the principle of photonic crystal [15], a fiber can be constructed in such a way
that the light will be guided in the air surrounded by a glass air-hole structure - the
so-called hollow-core fibers. This requires propagation constant  to be below vacuum
wave vector kg and, in practice, results in designs with a high air-filling factor and a large
core [14]. This was shown in practice in the first PBGFs where the fiber core was created

by removing 7-cells (7 air-holes) from the center of the PBG structure [22], see Figure 2.4.

Figure 2.4: SEM image of the first 7-cell HCF, as shown in [22].

Guiding light in air presents many advantages compared to light propagating in a
glass. It is theoretically possible to achieve waveguiding with lower attenuation than of
state-of-the-art SMF's, as SMF's suffer from scattering losses (Rayleigh scattering) [23].
In HCF's, scattering can be minimized due to the low optical field overlap with the glass
[14, 24], therefore it is theoretically possible to create a fiber with lower attenuation than
the lowest reported solid-core fiber (0.14 dB/km [25]).

However, a different loss mechanism was identified for HCF's - surface scattering loss
(SSL) [26]. During the HCF drawing process, when the glass melts, surface capillary
waves can emerge which are then frozen into the fiber as it solidifies again. The light
is then scattered on the surface of the hollow core. The origin of these surface capillary
waves is thermodynamic and therefore cannot be mitigated by gradually improving the
drawing process [24, 26].

Unlike Rayleigh scattering, SSL can be mitigated by a proper design of HCF [24, 26],
particularly by enlarging the HCF core [27]. Since the overlap of the guided light will

reduce with increasing core size, so will SSL. This was demonstrated on the first HCF's
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2.1. MICROSTRUCTURED FIBER DESIGN

where the 7-cell HCF offered attenuation of 13 dB/km[28] while increasing the core size to
19-cell improved attenuation to 1.7 dB/km[27], see the HCF structures in Figure 2.5. It
was later identified that the attenuation reduction was partly due to the increase in core
size and the thickening of the core boundary. The thickening creates an anti-resonance
with the core mode which expels more light from the air-glass boundary thereby reducing
SSL [26, 29].

Figure 2.5: SEM image of a) 7-cell, 13dB/km attenuation HCF [28] and b) 19-cell,
1.7dB/km attenuation HCF [26].

The antiresonant effect was presented in a later study [30] where the authors managed
to produce a fiber with 1.2 dB/km attenuation, which set a benchmark for HCF that was
only recently surpassed. However, the addition of the thicker core boundary presented a
drawback in the form of surface modes. These modes are guided at the edge of the core
glass boundary and can be phase-matched with the core guided (fundamental) mode at
certain wavelengths. This then forces the light to move to the surface of the core boundary
which significantly increases losses of the guided mode [14, 27, 30, 31].

More recently, a 19-cell PBGF with a thin core boundary was presented [9]. In this
work, through the optimization of their drawing process, the authors were able to shift the
spectral regions of high loss to the edges of the transmission spectra, see Figure 2.6. This
has resulted in a broad transmission window of 1.45 to 1.65 um, which would be especially
interesting for telecommunications. This application was also demonstrated in the paper
by transmitting 37x40 Gbit/s channels at 1.154 ym.

A similar design approach was used in [32], although the focus was shifted into
producing longer fiber lengths which is one of the crucial steps in implementing hollow-
core fibers in wider range of applications, namely in telecommunications. As a result, an
11 -km-long 19-cell hollow-core PBGF was produced for the 1.55 um telecommunication
window and a 3.85 -km-long hollow-core PBGF for the 2 ym window. Attenuation at 2 um
was 3 dB/km with 160 nm bandwidth and 5 dB/km at 1.55 ym with 200 nm bandwidth.

However, increasing the size of the core presents an additional drawback as larger

cores are able to guide HOMs. Therefore, increasing the size of the core as a means of
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Figure 2.6: 19-cell PBGF transmission spectrum with high loss regions shifted to the edges
of the transmission spectrum [9].

reducing attenuation will lead to fiber designs with only limited usage. A low-attenuation
19-cell hollow-core PBGF (with 20 um core diameter) was calculated to support 35 to
45 modes [33] at 1.57 um. The attenuation of the lower-order HOMs (LP;1, LPg2) was
measured to be comparable to the fundamental mode in a 19-cell hollow-core PBGF. Only
the LP12 mode was showing attenuation of 480 dB/km higher than in the fundamental
mode (5.9dB/km at 1.52um) [34].

A novel design was presented with a focus on HOM suppression - a so-called Perturbed
Resonance for Improved Single Modedness (PRISM) fiber [35]. In this paper, a 19-cell
hollow-core PBGF was produced with fundamental mode attenuation of 7.5 dB/km at
1.59 um. To reduce HOMs, two additional 7-cell (shunt) cores were created. These shunt
cores were designed in such a way that they are phase-matched with the HOMs, see
Figure 2.7. This leaves the central 19-cell hollow-core with only a fundamental mode
propagating. However, such an approach necessitates a significant requirement on the
manufacturing process since the additional cores are challenging to create, and even small
defects can cause significant losses in hollow-core fibers.
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Figure 2.7: (a) SEM image of a PRISM fiber, (b) its transmission spectrum and (c) the
spectrogram showing HOM content (low HOM wavelengths are at 1530 and 1570 nm) [36].



2.1. MICROSTRUCTURED FIBER DESIGN

It is important to note, by optimizing hollow-core launch conditions it is possible
to significantly limit the HOM excitation in the fiber. This was shown in [9], where
polarization and coupling were optimized, see Figure 2.8. Additionally, a single-mode fiber
was used at the output as a sort of spacial-filter which ensured that only fundamental

mode was transmitted. This technique produced 30 dB HOM suppression.
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Figure 2.8: HOM delay of 19-cell PBGF [9].

In addition to PBGF's, a different mechanism of light confinement in the hollow-core
was developed, namely anti-resonant fibers [37]. The so-called negative curvature fibers
[38], a subsection of anti-resonant fibers, have, in particular, recently sparked interest
due to their broadband transmission [39] and low attenuation [40] and boast the potential
to rival attenuation of a typical SMF. In the negative curvature fiber the hollow-core is
surrounded with glass capillaries. The thickness of the glass capillaries is designed so
that it would be in anti-resonance with the guided mode. This excludes light from the
glass material thereby minimizing SSL.

Negative curvature fibers demonstrate that it is possible to create all-silica fibers oper-
ational in the mid-IR region with attenuation significantly below the material scattering
losses [41].

Authors in [42] demonstrated that if the capillaries are intersecting or touching, then
such an intersection would be thick enough to act as a separate resonator and, therefore,
guide modes. These modes can then be phase-matched with the core mode of the fiber
which would exclude the core-guided mode into the cladding region and result in higher

scattering losses.



An additional concern is confinement loss (CL). In typical hollow-core PBGF CLs are
easily mitigated by using several rings of air-holes as cladding. Negative curvature fibers
on the other hand use only one ring of glass capillaries. To minimize CL, a new fiber design
was proposed - the so called Nested Antiresonant Nodeless Fiber (NANF) [43]. In NANF,
an additional small, nested, glass capillary is added to the existing large ones, while the
capillaries, otherwise, do not touch. These nested capillaries act as additional rings of the
resonator and significantly reduce CL. [43] demonstrated that such a solution provides a 2-
orders-of-magnitude improvement in confinement losses over a design without the nested
elements (field intensity at the edge of outer glass cladding is at 1076 of the maximum
value for a design without nested resonators compared to 1078 for the design with nested

resonators, see Figure 2.9).

Normalised power

Normalised power

0 5 10 15 20 25
X,y (um)

Figure 2.9: a) Effect of nested resonators on confinement loss. Design with nested resonators
is at the bottom, while the design without is at the top. Red curves denote the -3 dB contour
plots. b) Poynting vector of the fundamental mode cross-section [43].

Based on the design described in [43], rapid development and optimization have
occurred within the last few years. This has produced fibers with attenuation of 2dB/km
[44] and 1.3 dB/km [45] in 2018, 0.65 dB/km in 2019 [46] and 0.28 dB/km in 2020 [40],
which rivals the attenuation of conventional single-mode fibers.

NANF's have also demonstrated an exceptionally broad transmission spectra showing
near octave spanning transmission spectrum [39], with attenuation below 100 dB/km
overall and 25dB/km at 1.2 um. However, even in the latest paper [40], the presented
NANF shows attenuation of 0.28 dB/km for 1.51 to 1.6 um and below 0.3 dB/km for 1.51 to
1.64 uym spectra.

Regarding HOMs, the NANF presents nearly single-modal performance with the
exception of the first HOM (LP;11). In [40] LP;; mode shows attenuation of 12 dB/km,
which is still an order of magnitude higher than the fundamental mode. All other HOMs
show significantly higher attenuation of over 5000 dB/km.

10



2.2. COUPLING THEORY

2.2 Coupling theory

Spatial overlap of guided modes is necessary for efficient (low-loss) coupling of light from
one fiber to the other. If the spatial distribution of the optical fields is not well matched,
light could be coupled into HOMs, which typically have far higher attenuation than
the fundamental mode and would result into losses. Admittedly, PBGF's, in particular,
often have relatively low attenuation of lower-order HOMs (typically LPyo or even LP11).
However, HOM excitation can cause asymmetrical losses when coupling between typical
SMF and PCFs. This is because light can be coupled from SMF into the HOMs of PCF, so at
short lengths of PCF they contribute to the total measured power, but HOMs propagating
in PCF cannot be coupled into SMF. HOM suppression is interesting in applications
sensitive to modal noise, e.g., interferometry [47], precise time [48], frequency transfer
[49] and even telecommunications [50, 51], while low insertion loss (IL) is interesting in a
high-power application.

To evaluate the quality of spatial mode matching, we can use an overlap integral,
which is the coupling efficiency (1) of the two optical fields calculated as the spatial overlap

of their respective electric fields:

| [EXE2dA|?
~ [IE11?dA [|E3|?dA’

where E1 and E5 are the transverse electric fields of the two coupled modes and

(2.2)

n

integration is done over the entire fiber cross-section.

In practice it is also important to consider, that the two interconnected fibers might
not be perfectly aligned, even if their mode-fields would otherwise be ideally matched.
There could, therefore, be an additional transverse (1,,) and angular (1,,¢) misalignment
that can reduce the efficiency of the interconnect. Considering the Gaussian shape of the
mode-field distribution we can calculate coupling transverse and angular efficiencies as
[52]:

~ 4wiw? 2(Ax)?
Ntnv = 2 2 _ﬁ ) (23)
wl + w2 wl + w2
TAOw \?
Nang = €XP | — n ’ (2.4)

where w% and w% are the radii of the mode field of the two particular fibers, Ax is the
transverse offset, Af is their angular offset and n is the refractive index of the particular
fibers.

Another issue to consider is the Fresnel reflection that occurs at the interface of the two
materials due to the difference in the refractive indexes (e.g., glass core of typical SMF-28
fiber and air in hollow-core PCF). The Fresnel reflection would cause a small portion of

light to be reflected rendering it as no longer available for coupling which translates to
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interconnect losses (referred to in this work as Fresnel losses). Furthermore, the reflected
light can be coupled back into the fiber and propagate in a backward direction. These back
reflections can be detrimental in high-power applications, as even a small portion of power
that is reflected and coupled back could cause the damage of some components.

The reflection coefficient R and the resulting Fresnel loss can be described by [53, 54].

Er XHr (nl—nz 2
R = = 2.5
E; xH; ni+ng (2.5)
Lrgr =-10-log(1-R), (2.6)

where E;, H; are incident wave electric and magnetic field intensity, E,, H, are
reflected wave electric and magnetic field intensity, n is the refractive index of the first
material (glass), ng is the refractive index of the second material (air).

Considering the above-mentioned phenomena, several studies attempted to analyti-
cally characterize the interconnection between two dissimilar fibers. These studies have
often focused on the computational methods, their validity and efficiency.

In [55] the focus was on the theoretical analysis of the splice loss between the SMF
and D-fiber using the Finite element method (FEM) as a basis. Using FEM allowed the
transverse electrical field components of the fibers to be obtained and, subsequently, the
overlap integral to be calculated. The misalignment, distance offset and even rotation
of the two fibers (which could serve as an optimization tool for interconnect loss) were
considered. It was found that the optimum splice-loss would occur at a distance of 1 um
with 0° rotation when the two fibers are perpendicular. However, and more importantly,
the study showed the importance of FEM, as well as the usefulness of overlap integral, in
modeling fiber interconnects, even though the study was more focused on the effectiveness
of the numerical method itself.

In 2001, a study was published that examined the impact of PCF properties on the
resulting splice loss [56]. The interconnect between index-guided PCF with hexagonal
lattice and SMF was examined. Parameters, such as air-hole diameter d, pitch A and
the air-filling factor d/A, were optimized for the interconnect loss. Interconnect losses
were calculated using the Finite-differences time-domain method based on the monitoring
of transmitted and reflected wave energy. A strong correlation between splice loss and
the PCF lattice parameters was found. The study demonstrated that the PCFs can be
optimized for an effective splice and that splice losses can be estimated analytically based
on the PCF structure.

A similar analysis was conducted in [57]. The study considered an interconnect
between SMF and index-guiding PCF. The interconnect losses were calculated from the
overlap integral, while the mode-distributions were obtain using FEM. The study found
similar results that showed a strong correlation between the PCF’s d/A and the splice

loss. The loss ranged from as low as 0.1dB up to ~5 dB. Interestingly, the study found

12



2.2. COUPLING THEORY

negligible Fresnel losses as the effective refractive indexes of the two fibers are considered
to be similar and the study did not consider any gap between the fibers.

In another paper a numerical analysis was conducted with a focus on the Fresnel
reflections in the PCF-SMF interconnect [54]. This study considered a nonzero incident
angle between the two fibers and the effect of the PCF structure on the Fresnel loss. The
study used a fully vectorial effective index method to calculate reflections. The study
established a dependence between the PCF structure and the Fresnel loss. This is due
to the effective refractive index dependency on the PCF structure. It was shown that by
increasing A (and therefore decreasing d/A) a Fresnel reflection can be reduced by over
50%. This reduction was attributed to the increase in the effective refractive index of the
PCF. Additionally, Fresnel losses can be reduced by controlling the angle between the two
fibers, e.g., in the special case of 45° it was found that Fresnel losses are zero.

The crucial point of the above-mentioned studies is that they were theoretical analyses
of the interconnects often focusing on the validity of the numerical method itself. The
analyses considered PCF structure optimization as a tool to minimize splice loss or Fresnel
loss itself, while disregarding more practical aspects that such PCF could be unsuitable

for the required application.
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2.3 Coupling methods and interconnection

techniques

In this section I overview common coupling methods and relevant interconnection tech-
niques, starting with simple butt-coupling, continuing with various mode-field adaptation
techniques and ending with a permanent interconnection formed by fusion splicing or

with the help of a free-space optics.

Butt-coupling

The most simple and straightforward method for coupling of fibers with dissimilar MFD
and field-distribution is butt-coupling as, for example, in [58], where conventional SMF-28
fiber and HCF are aligned. Using the divergence of the output light and aligning the two
fibers with a gap that sets the MFD of the first fiber to match the input MFD of the second
fiber. The experimental results show minimum IL of about 0.6 dB for both SMF-to-HCF
and HCF-to-SMF direction. The effect of Fresnel-losses is considered, with the losses of
0.18dB (4%), between the flat end of the glass fiber and air interface. However, using
butt-coupling technique, it is not possible to reduce Fresnel-losses.

In [36] the authors have used another approach based on having an HCF equipped
with a connector, which was created using PRISM type fiber and a custom made large
mode area fiber, which served as MFA. The solid-core single-mode large mode area MFA
allowed the deposition of an anti-reflective coating (ARC), which provided back-reflection
suppression of -31.3dB at 1571 nm (given by the ARC). The IL of the interconnect was
0.3dB and that value was observed for both directions of propagation. This was likely the
result of the PRISM fiber, as there were no HOMs. The disadvantage of this approach is
the use of large mode area fiber, which has MFD of 14.5 uym and would likely add additional
losses when coupled with a conventional SMF-28 type fiber (MFD = 10.4 um).

Graded-index mode-field adapters

Mode-field adaptation can be realized using graded-index (GRIN) fiber [59]. This technique
utilizes the light propagation in GRIN fibers that follows a sinusoidal pattern. Therefore,
controlling the length of the GRIN fiber, we can precisely control the resulting MFD
and NA. Depending on the GRIN refractive index profile, length must be controlled with
micrometer precision.

This technique was demonstrated experimentally in the coupling of SMF and PCF
[61], where the 275-um-long piece of GRIN fiber was spliced between SMF and PCF. This
resulted in the coupling IL of 0.5 dB where 0.2 dB accounted for splicing losses.

A similar method was used in [60], where the authors coupled SMF with HCF, but used
the no-core (coreless) fiber and set a gap between the GRIN fiber and HCF to better adapt
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2.3. COUPLING METHODS AND INTERCONNECTION TECHNIQUES
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Figure 2.10: Schematics of the coupling model presented in [60] along with the HCF
cross-section.

the SMF MFD. The schematics of the interconnection can be seen in Figure 2.10. While the
theoretical analysis promised lossless interconnect, the experimental verification showed
IL = 0.96 dB. The difference between the theoretical result and the experiment is mainly

due to the calculation not considering the shape of HCF mode field-distribution.

Thermally-expanded core mode-field adapters

MFD can also be enlarged by the thermally expanded core (TEC) of the fiber, typically
SMF. TEC produces an adiabatic increase of core size and, thus, an increase of the MFD,
provided that the core expansion transition is smooth and lossless. The TECs are mostly
employed in laser diode coupling [62, 63] or waveguide coupling [64], nevertheless they
can also be adapted for PCF coupling.

Figure 2.11: SEM image of the fabricated (a) up-taper, (b) up-taper cross-section, (c)
down-taper cross-section, (d) down-taper [65].

The modification of MFD in SMF was examined in [65]. The authors presented a 3D
printed polymer MFA that is printed on the SMF end. The adapters are designed as a
PCF to allow for the better confinement of light and provide a wider range of mode-field
adaptation. An image of the MFAs can be seen in Figure 2.11. Using this method, the
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authors have demonstrated MFAs that are capable of expanding SMF MFD from the
standard 10.4 uym up to 17.3 um as well reducing it down to 4 uym. The 3D printed MFAs
were experimentally demonstrated in SMF coupling with planar chips. In the case of
down-tapers, the micro-structured MFA shows comparable losses to the step-index tapers
IL = 1.53 dB, while the micro-structured up-taper shows superior performance IL = 1.10dB
over step-index IL = 1.77 dB. While this paper does not demonstrate coupling of the two
dissimilar fibers, it presents a novel approach to MFAs, which can be adapted for coupling

of optical fibers.

Taper-based mode-field adapters

A novel method of coupling only to HCFs was presented in [66] using a so-called nanospike,
which is a thinned tip of the SMF, see Figure 2.12. The nanospike was prepared by tapering
the SMF down to 400 nm and then etching a 1- mm-long tip with a diameter of 150 nm.
The tip was then inserted into the HCF core to create the interconnect. The interesting
part of this coupling method is that due to the thin nanospike, the nanospike can align
itself in the core of the HCF by the optomechanical force. This, therefore, requires a
sufficiently strong (several hundred mW) optical signal to be present for the self alignment
to work. The self alignment is capable of correcting even a 3 um misalignment error, with
soft glass materials allowing for even higher error correction [67]. Using the nanospike
method it was possible to achieve IL of 0.57 dB. The Fresnel losses were measured to be
about 0.0043 dB (~0.01%), which provides a tremendous improvement over the typical
0.18 dB (4%) silica-air reflection. This method was also tested in practical applications
with liquid filled HCF [67] and a HCF gas-cell [68].

Figure 2.12: Sketch of the nanospike coupling method [66].

A similar method was used for coupling hollow-core and SMF's [69]. In this work,
the authors have inserted the etched tip of the SMF into HCF. This creates an adiabatic
transition between the SMF28 mode and the HCF mode. The difference in this case is
that the etched fiber tip is too thick to align itself via the optomechanical forces, as was

the case with the nanospike [66]. The insertion losses in this method strongly depend on

16



2.3. COUPLING METHODS AND INTERCONNECTION TECHNIQUES

the angular misalignment between the etched tip and the axis of HCF and show a strong
dependence on axial offset between the two fibers. To mitigate both of these problems
the authors have etched SMF down to 16 um, which is slightly smaller than the 20 pym
core of the HCF. This significantly reduced the axial and angular misalignment error,
as there is not enough physical space for it. Additional errors could also be produced by
cleave angle, although the authors have identified this to contribute to a significantly
lesser degree. Using this method, the authors were able to achieve overall IL of 0.79 dB,
which was in agreement with the theoretical value calculated from the overlap integral.
Furthermore, the authors have sealed the interconnect in a glass capillary with a UV glue,

demonstrating a permanent interconnection.

(@ (b

% jan

Figure 2.13: (a) Image of the LC-HCF cross section and (b) the coupling principle of the
LC-HCF with SMF using a ball lens [70].

As with the etched fiber case, it is possible to use fiber tapers to achieve similar results
[71, 72]. By tapering the SMF, the core of the fiber shrinks and the guided fundamental
mode spreads out to the point where it is guided by cladding-air interface. This results
in increase of MFD. In [71], the authors show a single coupling of SMF to ice-cream type
ARF and SMF to NANF. By tapering the SMF to a 40 um diameter, it was possible to
experimentally demonstrate minimum coupling IL of 0.45dB and 0.77 dB at 1570 nm for
ice-cream type ARF and NANTF, respectively.

In [72], the taper based interconnect was shown in the SMF-to-HCF-to-SMF configu-
ration. The ice-cream shaped ARF was used in this paper. SMF was again tapered to a
40 um diameter. The total coupling IL of this configuration was experimentally achieved
to be 2.82dB. The high losses were due to the MFD mismatch that allowed the HOM
excitation, which increased losses when the light was coupled back into SMF. Furthermore,
the authors have identified that the taper itself was not smooth and taper bending made
the interconnect strongly dependent on the insertion depth of the taper and thus increased
total losses.

A large-core HCF (LC-HCF) fiber with a core diameter of 110 pum was coupled with
SMF in [70, 73]. The authors have found a significant improvement of coupling efficiency
with an increase of SMF NA and, therefore, used a ball lens attached to the etched end of
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the SMF which was inserted into the LC-HCF, see Figure 2.13. The result is a coupling IL
of 3 dB that was achieved with SMF NA = 0.22, where the ball lens diameter was equal to
the core diameter of LC-HCF (110 pm).

Fusion splicing

Fusion splicing remains one of the most common methods for permanent fiber intercon-
nection. It can be used for both splicing of common SMF's, PCF's [74, 75] and even HCF's
[76, 77]. Over time several techniques for glass heating have emerged. From a simple
torch flame [78] to filament heating [79] to modern techniques of arc-fusion [80] and COqy
laser splicing [81], [82]. There are differences between these techniques, such as the
heating area, heating uniformity or even usable materials.

The first paper reported PCF splice with dispersion shifted fiber was published in 1999
[74] with splice loss of 1.5dB at 1.55 um. It was also the first time that the basic properties
of PCF, such as attenuation or dispersion, were experimentally measured. The mode area
of the PCF used was 14 um? while for dispersion shifted fiber it was 50 um?, therefore the
authors attribute a large portion of the interconnect IL to the mode size mismatch. The
paper states that the mode size mismatch alone can account for the observed 1.5 dB loss.

Further efforts were then made to develop an effective splicing method between PCF
and SMF. The development of this technique with the use of a COg laser is well described
in the papers [81, 83]. [81] describes the practical considerations of PCF fusion splicing
with regard to the vast range of PCF air-hole arrangements, the cleave unevenness, PCF
contamination due to the humidity absorption, fiber misalignment or mode size and shape
mismatch.

In [83] an experimental splice between PCF (d/A = 0.682, A = 12.22 um) and typical
SMF with IL ranging from 1.3 to 2.8 dB was demonstrated. The authors contribute most
of the losses to the mode size mismatch.

Similar results were obtained using arc-based fusion splicers [84], showing IL ranging
from 0.7 to 2.5 dB, based on the splicer arc duration.

However, both arc and COgq laser splicing revealed a major disadvantage in the form
of the PCF air-hole collapse. This is because the solid-core SMF and PCF with delicate
air-hole structures are heated at the same time, but the heat propagation in the two fibers
is vastly different, which leads to the air-hole structure collapse. This has been addressed
in [84-87]. For example, [84] showed that the air-hole structure collapse can influence the
IL of a splice in the range from 0.8 to 3 dB. [86] managed to control the splicing process and
limit the air-hole collapse by shifting the main heating area over the SMF and achieved
IL ranging from 0.25 - 0.6 dB.

More recently this approach was shown in SMF-to-HCF splicing [77] where the authors
also reheated the fiber after splicing. This was shown to reduce the IL by over 1dB to
1.76 dB, while simultaneously increasing splice strength (from 50.6 to 52.2 kpsi).
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2.3. COUPLING METHODS AND INTERCONNECTION TECHNIQUES

Lastly, a study was shown on angled HCF-to-SMF splicing which would reduce Fresnel
back reflection [76]. The ILs produced by the authors were around 1 to 2dB and return
losses were measured over -50 dB, however the angle cleaving of HCF proved difficult.

Cleave angles ranged from 7 - 12° which made the interconnection properties inconsistent.

Free-space optics-based interconnection

A recent method for PCF interconnection was shown using free-space optics. In [88] the
HCF was integrated with SMF using micro-lens collimators. The SMF was first spliced
with the MFA and a large mode area (LMA) fiber. The LMA was cut at an 8° angle
to reduce Fresnel back reflection. The entire component was then packaged with two
optical micro-lens collimators at the end of the LMA fiber and at the start of the HCF, see
Figure 2.14. The experimentally demonstrated IL was 0.53 dB, Fresnel back reflection
was measured at -47 dB. The authors also measured the HOM content showing LP1; mode
coupling at -20 dB. This setup was with an HCF-to-HCF interconnection configuration
[88] with IL of 1.28 dB.

Packaging

SMF

Figure 2.14: Schematics of the micro-lens collimator based coupling solution [88].

The same setup can be used to manufacture practical optical components. In [88] this
was demonstrated by inserting an isolator between the micro-lens collimator. The total
insertion loss of the isolator was 1.5 dB with > 40 dB isolation at 1550 nm.

This coupling method has been further demonstrated in various configurations [89]
where several additional components were manufactured - 1x2 splitter, band-pass filter

and WDM coupler, showing the versatility of this coupling method.
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‘Objectives of the thesis

CHAPTER

he rapid development of photonic crystal fibers and, in particular, hollow-core fibers

have enabled numerous attractive research fields and practical applications. This has
also brought an underlying need for efficient coupling methods of hollow-core fibers and
conventional solid-core optical fibers, represented mostly by SMFs.

Such a coupling method (and subsequent interconnection) i) must be low-loss, since
the state-of-the-art hollow-core fibers provide low attenuation and the coupling insertion
loss is more significant; ii) must address Fresnel losses that occur at the glass/air interface
between HCF and SMF (Fresnel losses present themselves in two ways: First, the power
that is reflected at the interface cannot propagate further and, therefore, this increases
the losses of the interconnection. Second, the power that is reflected can propagate in the
opposite direction (back reflection), which is unsuitable for some applications, such as high
power delivery); iii) must suppress HOM excitation because if HOMs are excited in HCF,
they can typically propagate over long distances and they also manifest as asymmetrical
losses since HOMs would not be coupled back from HCF to SMF. Additionally, HOMs
can have a negative influence on many applications sensitive to modal noise, such as

interferometry [47] or precise time transfer [48].
In this dissertation thesis I have therefore outlined the following objectives:

¢ Accurate PCF model including imperfections in the real post-draw PCF structure.
¢ Design and optimization of mode-field adaptation for SMF-to-HCF (HCF-to-SMF).
* A method of Fresnel loss suppression that occurs at the SMF-to-HCF interface.

* Proposal and experimental verification of bidirectional SMF-to-HCF (HCF-to-SMF)
interconnection in a complete SMF-HCF-SMF fiber component.

* A practical evaluation of the proposed and developed interconnection with state-of-

the-art hollow-core fibers, showing its high potential in cutting-edge applications.
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‘Accomplished results

CHAPTER

The accomplished results were published as peer reviewed papers in impacted journals
and international conferences. Related publications and their relevance to the topic

are outlined below. The full list of the author’s publications is then given in Chapter 5.

Section 4.1 describes, in detail, a derived accurate model that includes photonic crystal
fiber draw imperfections in the real post-draw PCF structure. The developed model can
be used to quickly and accurately characterize any given PCF and obtain the necessary
properties for the coupling method proposal and subsequent interconnection design. The
results are experimentally verified using a sample PCF and show high agreement with

the numerical results.

In Section 4.2 we present our novel coupling method on a sample of an SMF-to-PBGF-
to-SMF interconnection. We use graded-index (GRIN) multimode fiber of a predefined
length acting as MFA. The permanent interconnection is then formed by gluing two fiber
arrays where MFA and PBGF are located. This method allows for ARC deposition on
the MFA end-facet due to the low temperatures during the gluing process (as opposed to
conventional fusion splicing where the ARC would be damaged) which eliminates Fresnel
loss efficiently. We have reached a state-of-the-art IL of 0.3 dB, -30 dB back reflection, as

well as the excitation of a fundamental mode with high suppression of unwanted HOMs.

The paper presented in Section 4.3 further develops on the results achieved in
Section 4.2 demonstrating the SMF-to-NANF-to-SMF interconnection with the record-low
IL of 0.15 dB per interconnection. We examine HOM excitation and show that the coupling
method allows for the coupling of only -35 dB into LP1; and -24 dB into LPy2 modes. The
back reflection is again reduced using ARC down to -40 dB. We also compare the perfor-
mance of OM1 fiber and OM2 fiber-based MFA and thermally-expanded core-based MFA.
The best MFA with OM2 fiber is experimentally prepared using fast UV curable glue

which results in a permanent NANF component with interconnected SMF's at both ends.

Section 4.4 shows the application of our coupling method and interconnection technique
in a high-finesse Fabry-Perot interferometer. This requires a deposition of the highly
reflective coating (>98%) on the GRIN MFAs. The MFA and NANF are then aligned and
glued, forming a permanent interconnection. We demonstrate finesse of 154 and 130 for
5- and 23- m-long NANF, respectively, which corresponds to 47 and 50 kHz transmission
peak bandwidth at -3 dB, respectively.
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In Section 4.5 the impact of thermal stability was examined in application of delay
lines in the microwave photonics. This paper compares several delay line designs. The
NANF based delay line that is made using our interconnection technique is demonstrated.

The use of NANF shows time delay changed per unit length as 2 ps/km/K, compared to
40 ps/km/K of SMF.
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4.1 Exact modeling of photonic crystal fibers for

determination of fundamental properties
Reference paper:

D. Suslov, M. Komanec, T. Némecek, J. Bohata, S. Zvanovec, “Exact modeling of photonic
crystal fibers for determination of fundamental properties“ Optical Fiber Technology, 2020,
56 ISSN 1068-5200.

Relevance to the thesis:

For efficient coupling between PCF and SMF, a precise characterisation of the real PCF
structure is essential. However, measuring each PCF property experimentally is both
time and cost intensive. Another option is to derive PCF properties from the model. This
requires an accurate model of the post-draw PCF air-hole structure. During the PCF
drawing process the air-hole structure suffers many small defects. Air-holes can change
their diameter and even shape (they become elliptical). However, many PCF models ignore
these defects outright and consider ideal or idealized fiber structure (e.g., that all air-holes
have the same diameter and are circular). In this paper I examine the significance of
these air-hole defects on the resulting PCF properties, as well as examine the impact of
imprecise refractive index characterization. I outline the necessary steps to easily prepare
an accurate PCF model based on an image of the PCF cross section (requires only a short
piece of PCF). Finally, the results are experimentally verified and the difference between

ideal and real fiber is demonstrated on an example of supercontinuum generation.
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We present a simple but highly accurate modeling technique for real photonic crystal fibers (PCFs) character-
ization. We determine the influence caused by idealized model parameters. Our technique can be applied to
arbitrary PCF air-hole structures, as it takes into account all structural distortions. It requires only an image of
the PCF cross-section to create an accurate PCF model. Model outputs are presented in comparison with the
measurement of chromatic dispersion curve and the effective mode area. We provide a study on the impact of

imprecise determination of glass refractive index on the PCF model accuracy. We demonstrate how the sim-
plification of the air-hole deformations can influence the chromatic dispersion curve. Finally, we show the effect
of precise PCF modeling on example of supercontinuum generation.

1. Introduction

Photonic crystal fibers (PCFs) are widely used thanks to the versa-
tility and freedom of their design. This allows to specifically tailor PCF
properties towards individual applications such as supercontinuum
generation (SCG) [1,2], sensing [3,4] or signal filtering [5].

Various methods have been proposed for efficient PCF design and
tailoring of their properties [6,7]. These methods enable us to derive
the PCF chromatic dispersion (CD) curve, mode-field distribution, or
effective mode area (A.g) [8]. Moreover, results of PCF application,
such as SCG, can be predicted even prior to the drawing of the PCF.

The PCF drawing process, however, can introduce distortions to the
designed PCF air-hole structure causing significant differences from the
pre-draw PCF design. The effect of such distortions has been studied in
hollow-core fibers in [9-11], as well as in index-guided PCFs [12].
These distortions were found to cause an increase in insertion loss (IL)
by a factor of ten [10], as well as a more than a 0.2 um reduction in the
PCF transmission bandwidth [10].

It is possible to predict the PCF structure evolution during the fiber
drawing process by considering the pressure applied to the outer
cladding and the surface tension, pressure and the viscosity of the air-
hole microstructure (using the fluid dynamics model) [13]. However,
this approach has its limitations and requires exact knowledge of the
drawing process and as such, it is impossible to apply this method to
characterize already drawn PCFs.

PCF parameters (CD, mode-field distribution, A.g) can be measured
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directly [8]. However, such approach is often time and cost-intensive. A
fast and accurate method capable of deriving PCF properties based on
the simulation model is preferable.

In this paper, we present an easy, straightforward and precise
technique of PCF characterization based on the creation of an exact
model of the post-draw PCF. This technique works well even with a
short PCF segment (with length less than 1 m) and can be carried out in
just 3 subsequent steps: i) At first, an accurate photograph of the PCF
structure is acquired; ii) next refractive index (RI) of the glass is ob-
tained; and iii) finally, the PCF model is created. Even though separate
steps of this technique are known, a comprehensive study of the entire
process is missing. Moreover, the impact of the modelling precision and
air-hole structure deformation is provided, with regard to CD and SCG.

To demonstrate this technique, two models of a sample lead-silicate
PCF are presented. The first one presents a precise post-draw PCF model
with accurate PCF properties and the second model includes a simpli-
fied air-hole structure. Finally, the presented technique is verified by
measurement of CD and Ac.

2. PCF model

We start our model with the PCF structure by acquiring the image of
the unknown PCF cross-section. Then we determine the refractive index
of the PCF glass material. Combining these two steps, we create the
whole PCF model and calculate PCF properties using a finite element
method (FEM) solver.
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The following sections describe each of these steps in detail.

2.1. Air-hole structure

In literature, PCF structures are typically described by parameters
such as the core diameter, the diameter of the air-holes (for each ring)
and the distance between the air-holes (lattice constant/pitch) [14-16].
These parameters are often used in the PCF design process and there-
fore may lead to the assumption that the drawn PCF would have the
same regular structure. However, this is usually not the case, as during
the PCF drawing process distortions of the air-hole structure occur.
These can then change/shift the shape/position of the air-holes, which
can also lead to the change or deformation of the core area diameter.
The distortions can influence each individual air-hole differently.

To obtain a precise PCF model, these distortions must be taken into
account. For FEM based model, it is necessary to create a mesh that
provides a representation of the PCF structure. This mesh must include
all the distortions, therefore a detailed image of the PCF cross-section is
needed. A scanning electron microscope (SEM) is typically used to
capture the image, however we have found that for some types of PCFs
an ordinary light microscope (OLM) can be used as well. An OLM with
at least 400x magnification can provide enough detail for some simpler
PCF structures, such as suspended-core PCFs. For more complicated
structures with many air-holes, the use of SEM is necessary as OLM
typically does not provide high enough resolution to capture the exact
dimensions of the air-holes with a diameter in the order of micrometers.
The comparison of microscopes usage can be seen in Fig. 1, where the
image of suspended-core PCF cross-section is obtained with OLM as
shown in Fig. 1a) and with SEM shown in Fig. 1b). The same compar-
ison is then shown for a honeycomb PCF with small air-holes - see OLM
image in Fig. 1c¢) and SEM image in Fig. 1d).

The captured image is then converted into a mesh using vector
graphic software, where the outlines of the air-holes are drawn as
vector elements which then form the PCF model. This allows us to
capture all the distortions of the PCF structure. Since only the image of
PCF cross-section is required, a very short piece of PCF is sufficient (e.g.
cleaved-off PCF segments).

2.2. Refractive index

The second step of the PCF model is getting the RI dependence on
wavelength, i.e. RI curve of the glass material. For a glass material, RI is
described by the well-known Sellmeier equation [17]:

BEC 20V  WDSmm SS40 30Pa x
Sample

BEC 20kV ~ WDSmm  SS40 60Pa x2,000 10pm e—
Sample 0000 04 Sep 2013

Fig. 1. Comparison of cross-sections of: a) suspended core PCF end-facet ob-
tained with 400 X magnification using OLM, b) suspended core PCF obtained
with 700 X magnification using SEM, c¢) PCF obtained with 1000 X magnifi-
cation using OLM, d) PCF obtained with 2000 X magnification using SEM.
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N
n(d) = |1+ —
E 22— C, 6h)

where 1 is wavelength, B, and C, are n-th fitting coefficients.

Many of glass materials commonly used for manufacturing PCF have
already been well defined and their fitting coefficients are readily
available [18]. Glass RI values for each wavelength are commonly de-
scribed with the precision of 10~* and wavelength spanning from visible
to near-infrared region.

However, newly developed glass materials require a detailed study
of their respective RI curves. For proper PCF characterization, the RI
curve must be measured with the above-mentioned precision of 10~* for
each value of RI. For this purpose, the Abbe refractometer is commonly
used with the modification for the infrared region [19].

2.3. Modelling approach

One of the commonly used methods for the computation of modal
properties in a PCF is FEM, which is a well-described method [20] [21]
with many of the commercially available solvers. In this paper, we use
Comsol Multiphysics 5.1 as a direct full-vector FEM eigenvalue solver.

The derived mode field distribution can provide several parameters
like effective refractive index (n.g), electric field intensity E and the
propagation constant (3) for a given wavelength. Also CD and Ay can
be investigated. Especially CD curve can be used as a good tool for PCF
examination since it is susceptible even to the small changes of the air-
hole structure or glass material RI. The CD coefficient for each wave-
length is determined as [22]:

27105 _ A 0°Re(nesr)
O a2 2

where c is the speed of light and 3, is the group velocity dispersion.

Acfr represents a significant parameter for nonlinear applications,
which are typical uses of many PCFs. We calculate A by integrating
the intensity of the electric field over the surface of the fiber end (A) as
[22]:

D(1) = —

(S1dAY  ([IE%dA)

At =" paa T [iEYdA 3)

where I is the near-field optical intensity.

3. PCF model example

To demonstrate the impact of air-hole distortions and imprecise RI
determination, a sample PCF is examined. We have selected a hex-
agonally-structured PCF made of lead-silicate glass (denoted as PBG-
08;) with the composition of PbO: 39.17 %, BiyO3: 27.26%, Gay0s:
14.26 %, SiO,: 14.06% and CdO: 5.26%. Image of the sample PCF
structure can be seen in Fig. 1d). We have created two models of this
sample PCF.

3.1. PCF air-hole structure models

“Model 1” is based on the real post-draw PCF. This model is created
by vectorization of the image of the PCF cross-section obtained with
SEM. Therefore, this PCF model provides an accurate representation of
the real post-draw PCF and the properties derived from this model
match the properties of the real PCF (as will be shown later). This
model is an exact copy of the PCF cross-section, it includes all air-hole
shape deformations and size changes that occurred during drawing
process. For this reason this model is not described by standardized PCF
parameters that describe air-hole structure (air-hole diameters, pitch,
core diameter).

“Model 2” is a commonly used, but simplified model. We present it
to demonstrate how even small changes in the PCF air-hole structure
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a)

BEC 20kV
Sample

WD5mm $840 60Pa x13,000 1pm
0000

) 2.36 ym .
1.12 ym /\
1.15 ym 1.13 ym
. 2.34 ym .
1.15 pm 1,45 um
1.15 ym 1.25 ym

1.15 ym

2.37 ym
2.35 ym

BEC 20kV WD5mm S840 60Pa x14,000 1pm
Sample 0000

Fig. 2. Example of PCF air-hole structure parameter measurement for Model 2.
Details of a) the measured diameter d; of the innermost rings, b) measured
diameter d, of outer rings and the distance between air-holes (A).

(comparable to varying real parameters) can influence the derived PCF
properties and that at first look reasonable simplifications of the PCF
air-hole structure can lead to significantly incorrect results.

Model 2 is created using post-draw PCF structure as a template (the
identical SEM image of the PCF cross-section that is used for Model 1),
however in this case we consider all of the air-holes to be perfectly
circular having the same specific air-hole diameter d; for all air-holes in
the innermost ring and d, for all air-holes in the outer rings, the same
distance between air-holes (pitch—A) and a core diameter (d ).

Each of these parameters is obtained by averaging the measured
values that can be seen in Fig. 2. First, we average all of the innermost
ring air-holes to obtain parameter d; and then air-holes in outer rings to
obtain parameter d,. Last, we average distances between the air-holes to
obtain parameter A. In our case, we have measured d; = 1.33 pm,
dy = 1.15 pm, A = 2.35 uym and d.y. = 3.52 um. The core areas of the
resulting air-hole structures of Model 1 and Model 2 are compared in
Fig. 3.

3.2. Refractive index curves

Following the PCF model creation step, we now examine the impact
of imprecise glass RI determination on the PCF model outputs. The
Sellmeier coefficients of the lead-silicate glass (PBG-08;) of the sample
PCF were published in [16]. Refractive index is dependent on wave-
length, thus precise characterization of RI is necessary to obtain correct
PCF model results. This can sometimes present a challenge for new and
experimental PCF materials, such as one used in our sample PCF. To
demonstrate the effect of such an imprecision, we have constructed a
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Model 1

)@ @ ® €

Fig. 3. Detail of the sample PCF core area. Model 1 is drawn in full black and
Model 2 is represented by the red outlines.

Table 1
Sellmeier equation coefficients of the PBG-08 glass. PBG-08; are data pre-
sented in [16], PBG-08, are derived coefficients of the shifted RI curve.

PBG-08; PBG-08,
B 2.0118814 —-0.385
B, 0.5467324 3.264

B3 1.3948861 —0.3491
a 0.011537 —0.1281
(o) 0.063552 0.004391
[e} 141.65405 —-0.1265

1.900
1.895
—= 1.890
=}
1.885
1.880 | | === PBG-08, |
- - - PBG-08,
LTS 12 14 16 18 2
A [um]

Fig. 4. Refractive index curves of PBG-08 glass; PBG-08; are data presented in
[16], PBG-08, is shifted RI curve.

second RI curve (PBG-08,), which is shifted and diverges in the longer
wavelength region from the RI curve in [16] (PBG-08;). Both examined
RI Sellmeier equation coefficients are presented in Table 1 and in Fig. 4.

Here we can see that the two RI curves are merely shifted in the
shorter wavelength region, but at longer wavelengths the two curves
begin to diverge with difference in order of 0.005.

3.3. Model results

We have evaluated the impact of the RI curves on CD, which can be
determined using Eq. 2. The calculation is carried out for Model 1 using
two RI curves depicted in Fig. 4. We use a single model (Model 1) of air-
hole structure, since a dominant part of CD in PCFs is formed by wa-
veguide dispersion. Therefore, to demonstrate only the impact of RI on
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e 0
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Fig. 5. Calculated chromatic dispersion curves using Model 1 with RI curve
PBG-08; obtained from [16] and PBG-08, obtained from derived coefficients of
the shifted RI curve.

the resulting CD, a single PCF model must be used. Calculated CD
curves are then shown in Fig. 5.
This result underlines the fact that even small differences in RI such
~ 0.005 can cause a significant divergence in the CD curves with a
zero-dispersion wavelength (ZDWL) shift of up to 0.450 um
(ZDWLppg—os;, = 1.445 pm and ZDWLppg_os, = 1.895 um).

Seeing the strong effect of the glass RI, we study the effect of the air-
hole structure deformation. CD curves are calculated for Model 1 and
Model 2 using Sellmeier coefficients of PBG-08;. The results can be seen
in Fig. 6. The CD curves for Model 1 and Model 2 are in a good
agreement for shorter wavelengths, but as wavelength increases the CD
plots begin to diverge significantly (difference of 23.46 ps-nm~—1-km~! at
1.550 um and 49.57 ps-nm~!-km~! at 2 pm). The ZDWL shift between
Model 1 and Model 2 is 0.077 pm (1.445 vs 1.522 pm). Such differences
in CD curves can have significant consequences for practical applica-
tions which are discussed more in Chapter 5.

Aegr is calculated for both Models using Eq. 3. The values of the
electric field of the examined mode were obtained from FEM solver at
A = 1.550 pm. The results are shown in Table 2.

These results show that there are only minor differences (0.01 pm?)
in A between the RI curves. However, there are noticeable differences
in the At between the two models (0.71 um?), as the changes in the
air-hole structure significantly affect the physical dimensions of the
waveguide and therefore the mode-field distribution of the fundamental

200
— 100
|
=
~ 0
TE
g —100
%
900
)
— PCF Model 1
~300 === PCF Model 2
1 1.2 1.4 1.6 1.8 2

A [pm]

Fig. 6. Comparison of the CD curves for Model 1 and Model 2. Both models
consider PBG-08; glass.
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Table 2
Calculated A values at 2 = 1.550 um.
PBG-08, PBG-08,
Aeff model1 [Hm?] 7.92 7.91
Acff model2 [Mm?] 7.20 7.20

mode in PCF.

4. Verification of PCF model parameters

To demonstrate that our technique yields accurate values, we have
verified the presented PCF model via the CD curve and A.g. Note that
these measurements are not necessary to create the PCF model.

4.1. Chromatic dispersion measurement

The CD curve of the sample PCF is measured using the free-space
interferometric method [23], which is based on the measurement of the
optical path difference between two signals propagating in the re-
ference (free-space) path and measured (sample PCF) path — see the
setup of the measurement depicted in Fig. 7.

In this setup we use a supercontinuum (SC) source (NKT SuperK
Extreme EXR-15) as a broadband light source which allows us to
measure the entire spectrum at once. The 6 W output of the super-
continuum source is launched via a free-space collimator and split in a
96/4 ratio via a wedge glass prism, where the 4% signal is further fil-
tered using an optical filter (Thorlabs FELH0750) to remove the visible
part of the SC spectrum. The signal is then split into two arms in free-
space using a 50/50 beam splitter (BS) (Thorlabs PBSW-1550). The
measurement arm contains the PCF and lens 1 and lens 2 (both
Thorlabs C660TME-C) used to couple the signal into and out of the PCF.
These lenses are positioned on the micromovement stage to enable
alignment with sub-micron precision. The reference arm contains a
micromovement stage with two mirrors (Thorlabs PF10-03-P01) that
allow the tuning of the optical path length. The output of both arms is
then combined on another 50/50 BS (Thorlabs PBSW-1550) and cou-
pled into the output fiber using lens 3 (convex lens with f = 5 cm).
Resulting data are visualized via the optical spectrum analyzer (OSA)
(Yokogawa AQ6370C).

These measurements provide a spectral interferogram which can be
observed at OSA as a beat signal at specific wavelengths. From the
interference pattern it is possible to calculate the resulting CD as [23]:

_ 1 9Npcr
c a1’ @

Wedge prism BS Micromovement

/,40/2H, Ei .

7|

Filter ‘ Mirrors H‘
=7
Lens 1 Lens2 Il Lens 3
Collrmator " ‘* = E j‘v‘;j
Mirror . PCF BS [&»

SC source OSA ‘

Fig. 7. Interferometric setup for the measurement of the CD curve using a
broadband source. Supercontinuum source (SC source), beam splitter (BS),
optical spectrum analyzer (OSA).
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Fig. 8. Simulated and measured CD curve of sample PCF. Simulation results are
based on Model 1 and Model 2 using PBG-08; glass material.

2A1 — Allenses +1

N, =
e lpcr )

where Npcr is given as the group refractive index of PCF, lpcr is the PCF
length, Al is the optical path difference between the measurement and
reference arms, Al is the additional optical path difference caused
by the signal passing through the lenses in the measurement arm.

To validate our PCF model (Model 1 using PBG-08;) measured and
calculated CD curves are compared. We illustrate the results in Fig. 8.

The ZDWL obtained from our CD measurement is
ZDWLpeas = 1.412 pm, while the ZDWL obtained from the simulation
Model 1 using PBG-08; is ZDWLg,, = 1.443 pm. This result is in
agreement with the model. The 0.031 um blue shift of the measured CD
curve is caused by the unknown lens thickness at the point of the signal
as well as imprecision in determining the wavelength of interference
maximum.

4.2. Effective mode area

The second validation of the PCF model is done via At of the
sample PCF, which is obtained by measuring the PCF mode-field dis-
tribution in the near-field. Effective mode area is calculated using Eq. 3.
The measurement setup can be seen in Fig. 9.

The laser signal at 1.55 pm (ID Photonics Cobrite DX4) is coupled
into our sample PCF with lens 1 (Thorlabs C660TME-C, 40% coupling
efficiency). The PCF output signal is then collimated using lens 2
(Thorlabs C660TME-C) and propagates to the BS (Thorlabs PBSW-
1550). 50% of the signal is captured with the CCD camera (Gentec
Beamage 4 M IR), the other 50% is deflected and is not used.

For correct measurement of the near-field distribution, PCF end-
facet must be positioned precisely in the focus of lens 2 and the mag-
nification of lens 2 must be determined. To ensure that, we use laser 2
(ID Photonics Cobrite DX4) with lens 3 (convex lens with focus

Lens 2 BS

Fig. 9. Setup for measuring the mode-field distribution of sample PCF in the
near-field.
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distance = 5 cm) that serves to illuminate the PCF end-facet. The image
of the air-hole structure of the sample PCF is then reflected back on the
BS and to the CCD camera. Therefore, when we can see the sharp image
of the PCF air-hole structure on the CCD camera, we are sure that the
PCF is in the focus of lens 2. The magnification of the lens 2 can be then
easily determined from the image captured by the CCD camera, as the
reflected image of the air-hole structure passes through lens 1 and BS, it
is subjected to same magnification as mode-field distribution of the PCF
and the dimensions of the PCF air-hole structure are already known.

Using this method we are able to obtain Aeg,css. = 7.87 pum? at
A = 1.550 pm, which is in good agreement with the data obtained from
the Model 1 with Aeg = 7.92 pm?. The small 0.05 pm? difference in A
is contributed to the finite resolution of the camera (2048 X 2048 px),
inherent noise of the camera and the uncertainty in determining the
focus of the PCF end-facet.

5. Discussion

From the presented results, it is clear that to achieve accurate PCF
characterization we need to transfer the exact PCF air-hole structure
into the proposed model (Model 1). Defining a PCF by using uniform
parameters (Model 2) is not suitable as the model does not include all
deformations of shape, size, or position of the air-holes.

We have shown that in some cases an OLM with 400x magnification
is sufficient to obtain a detailed enough image of the PCF air-hole
structure. Using OLMs can simplify the model preparation process and
make it less cost-intensive.

The precise characterization of the RI curve of studied PCF glass
material has proven to be critical. In this paper, we have studied a
sample PCF made from experimental lead-silicate glass. As shown in
Fig. 4 and Fig. 5, even small RI variations in the order of 10~ can
produce significant differences in the resulting CD curve and 0.077 um
ZDWL shift. On the other hand, typically well known glass materials are
used, such as silica glasses, which have already been precisely char-
acterized and then the RI measurement step can be omitted.

Now we want to emphasize the importance of the precise PCF
modeling in the context of a practical application. For this purpose, SCG
was calculated using [24] with the parameters of Model 1 and Model 2.
The sample PCF nonlinear coefficient y and the propagation constants
B, - B, at the pump wavelength were calculated. 8, can be obtained
using Eq. 2, or derived from the models, while g, - 8,, are calculated by
the derivation of subsequent 8 as [22]:

"B
= —, =1,2,3, ..
P = G (m ) ©
where w is the central frequency of the pump pulse spectrum.
The nonlinear coefficient y is calculated as [22]:
_ 2nny
Meff (7)

where n, is the nonlinear refractive index; n, = 4.3-107° m?>/W (mea-
sured at A = 1.240 um) for PBG-08; glass [25]. A is calculated using
the COMSOL simulation for a particular wavelength and the PCF model.
We consider the input pulse duration t = 400 fs with 30kW peak power
and 20% PCF coupling efficiency. A comparison of the derived A and
y is presented in Table 3.

Considering the ZDWL results shown in Fig. 6 (Model 1 = 1.445 um
and Model 2 = 1.522 pm with PBG — 08;) and based on the values
obtained with Model 2 it would lead to the assumption that optimal
SCG could be achieved with sources centered at around 1.575 pm re-
gion. We have confirmed this by calculating SCG with such source and
using values in Table 3. We could observe the SCG formation starting at
3cm PCF length and fully forming at 4cm PCF length with SCG span-
ning from 0.860 to 2.900 pm. However, for the same setup and with
4cm of real drawn PCF (PCF model 1) we can observe SCG spanning
only from 1.150 to 2.600 pm.
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Table 3
Calculated A and y of sample PCF. Results are calculated for two PCF models
considering PBG-08, glass material.

A = 1.450 ym A = 1.575 ym
Aeff model 1 [umZ] 7.82 8.11
Aeff model2 [sz] 7.10 7.20
Yimodet1 [W™" km™"] 223.00 211.51
262.44 242.09

Ymodel2 [W71 kmil]

To effectively pump real post-draw PCF, a laser source centered at
1.450 pm must be used, which produces SCG spanning from 0.600 to
2.900 um with using only 3.5 cm of PCF. For practical applications, it is
thereby necessary to use precise PCF modeling technique.

6. Conclusion

We presented an easy straightforward technique to obtain an ac-
curate model of the real post-draw PCF, which gives reliable outputs for
subsequent applications. The advantage of our approach is in time and
cost saving without the need for a detailed experimental measurement
campaign. In many cases, where the PCF glass material is already
known only a several centimeters long PCF segment is all that is re-
quired to construct the accurate PCF model. Additionally, our PCF
model (Model 1) was verified by CD and mode effective area mea-
surements.

We then compared our accurate PCF Model 1 to a commonly used
simplified model (Model 2) considering a sample lead-silicate hex-
agonally-structured PCF. We calculated the CD curve, y and Ay for
both PCF models. We show a ZDWL shift of 0.077 um between the two
models and even 0.450 um between the two presented RI curves. An
impact on a selected application of supercontinuum generation is dis-
cussed showing that considering simplified Model 2 can lead to the use
of non-optimal laser pump and therefore narrow SCG spanning only
1.150-2.600 pm as compared to the Model 1 with SCG spanning
0.600-2.900 pum.

These differences in model outputs illustrate the imprecision that
occurs when even seemingly reasonable simplification of the PCF
structure is considered (Model 2). The model differences in CD, A and
SCG highlight the need to use real post-draw PCF design with all air-
hole distortions and to define glass RI with the precision of at least 1074,
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4.2 Low-loss and low-back reflection hollow-core to

standard fiber interconnection
Reference paper:

M. Komanec, D. Suslov, S. Zvanovec, Y. Chen, T. Bradley, S.R. Sandoghchi, E.R. Numkam
Fokoua, G.T. Jasion, M.N. Petrovich, F. Poletti, D.J. Richardson, R. Slavik, “Low-Loss and
Low-Back-Reflection Hollow-Core to Standard Fiber Interconnection“ IEEE Photonics
Technology Letters, 2019, 31(10), 723-726. ISSN 1041-1135.

Relevance to the thesis:

In this paper we demonstrate a new coupling method leading to a permanent SMF-to-
PBGF interconnection. The new interconnection technique is based on a fiber-array
technology and uses GRIN multimode fiber (OM1) as the MFA. A GRIN fiber segment
is spliced to the SMF and glued in the fiber-array. Then the fiber-array is polished to a
defined length (modifying the GRIN fiber length) and, subsequently, the resulting MFD
at MFA output. HCF is precisely cleaved and then glued in a second fiber-array while
ensuring that the glue does not get into the HCF microstructure. Both fiber-arrays are
then aligned together for efficient coupling and glued using a fast curable UV glue. Since
glue is cured under low temperatures, it is possible to utilize ARC to suppress the Fresnel
losses and back reflection. This method was demonstrated on the SMF-to-PBGF-to-SMF
sample showing IL = 0.3 dB per interconnection (state-of-the-art at the time, which we
then improved upon in further publications) and back reflection of -30 dB. The sample
showed the same results for both direction of propagation, which was reached by low
excitation of HOMs. This result served as an important step in developing a record-low

loss coupling and interconnection for future NANF's.
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Low-Loss and Low-Back-Reflection Hollow-Core
to Standard Fiber Interconnection

M. Komanec™, D. Suslov, S. Zvanovec™, Y. Chen, T. Bradley, S. R. Sandoghchi, E. R. Numkam Fokoua,

G. T. Jasion, M. N. Petrovich

Abstract—We present a new approach to permanently
inter-connect hollow-core fiber (HCF) to solid-core fiber, which
does not involve fusion splicing. Our approach is based on a
modification of the glue-based fiber-array technology routinely
used for fiber pigtailing of planar lightwave circuits. The resulting
interconnection provides for a low insertion loss due to the
fact that the HCF microstructure is not deformed during the
gluing (low temperature) process that is almost impossible to
achieve with the standard (high temperature) fusion splicing
method. Furthermore, this low-temperature technique enables
the deposition and preservation of thin films deposited at
the solid-to-hollow core fiber interface, allowing for additional
functionality without the introduction of extra losses or any
increase in complexity. To demonstrate this, we have applied an
anti-reflection (AR) coating. A further feature of our approach is
the ability to control very precisely the length of the graded-index
(GRIN) fiber mode field (MF) adapter inserted in between the
standard single-mode fiber (SMF-28) and the HCF. We show
experimentally how the length of the GRIN fiber MF adapter
influences the coupling between the SMF-28 and the fundamental
as well as the higher-order modes of the HCF. We coupled
between SMF-28 [10 um mode field diameter (MFD)] and the
fundamental mode of a 19-cell hollow-core photonic bandgap
fiber (HC-PBGF, 21.1 um MFD) with the lowest-ever reported
insertion loss of 0.30dB per interface.

Index Terms— Optical components, optical fiber connecting,
optical fibers.

I. INTRODUCTION

OLLOW-CORE fibers such as hollow-core photonic

bandgap fibers (HC-PBGFs) offer many advantages over
conventional solid-core fibers due to the strongly reduced
interaction of the guided light with the glass material. Exam-
ples of the benefits of this are the extremely low fiber non-
linearity, low and stable [1] signal latency, the possibility to
construct long-length gas cells [2], etc.
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A key property of any optical fiber is attenuation.
In HC-PBGF the attenuation is defined principally by the
fiber design. The common forms are the so-called 7-cell
and 19-cell designs (made by removing 7 and 19 glass
capillaries respectively to form the core in the preform from
which the fiber is subsequently drawn). 7-cell HC-PBGFs
typically have smaller cores (and mode field diameters,
MFDs) and higher attenuation than 19-cell HC-PBGFs due
to the increased interaction between the guided mode and
the glass core surround (cladding). However, 7-cell HC-PBGF
remains popular as it can be more straightforwardly inter-
connected to SMF-28 since both have a similar MFD.
By contrast, when interconnecting 19-cell HC-PBGF [3] to
SMF-28 there is a significant mismatch in MFD that needs
to be managed e.g., using a mode field (MF) adapting bridge
fiber.

Whilst generally operating in the single-mode regime
both, 7-cell and 19-cell HC-PBGFs are inherently mul-
ti-moded, making the interconnection with SMF-28 prone to
the unwanted coupling of part of the energy into higher-order
modes (HOMs). This is highly undesirable in most applica-
tions, as it causes multi-path interference (MPI). To avoid
this unwanted effect, the MFD and the MF profile of the
fundamental modes of both interconnecting fibers must be very
well matched; this is also needed to minimize the insertion
loss (IL) of the interconnection.

There is sometimes an inconsistency in the literature when
reporting insertion loss measurements for SMF-28-HC-PBGF
interconnections. In some cases, the signal from the SMF-28 is
coupled into the HC-PBGF and the power at the HC-PBGF
output (total power in all of the excited guided modes) is
measured. However, this does not represent the coupling loss
between the fundamental mode of the SMF-28 and HC-PBGF.
Moreover, due to multi-mode nature of HC-PBGFs, such
measurements typically do not yield symmetric insertion loss
values, i.e. the measured IL is different depending on whether
the signal is propagating from the SMF-28 into the HC-PBGF,
or vice-versa [4]. To properly characterize the coupling
between the two fundamental fiber modes, it is important
to measure only the power in the fundamental mode of
HC-PBGFE.

Apart from mitigating MPI and minimizing IL, the remain-
ing challenges for hollow-core to solid-core fiber intercon-
nection are the relatively strong Fresnel back-reflection and
distortion of the HC-PBGF microstructure during the splicing
process.

1041-1135 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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Regarding the solid-core to hollow-core interconnection
IL, the best result reported up to date is 0.3dB [5]. This
result, however, was not achieved using standard SMF-28, but
a custom-made large mode area single-mode fiber. The inser-
tion loss was measured for a HC-PBGF interconnected to
SME-28 fiber at both ends. Both interconnections exhibited
a loss of 0.3dB, confirming efficient coupling into the funda-
mental mode of the HC-PBGF. An anti-reflection (AR) coating
was deposited on the large mode area fiber and this reduced
the back-reflection to —31dB at 1550 nm. The connection [5]
was housed in a connector-style arrangement. This result is
impressive and gives a benchmark as to how a coupling
loss and back-reflection can be achieved with AR coatings.
The main areas of improvements, however, are: (i) how to
realize the low-loss connection with SMF-28, and (ii) how to
hermetically seal the interconnection to avoid any degradation
in the HCF loss with time (e.g., humidity-caused increase of
attenuation).

Back-reflections can also be reduced by splicing
angle-cleaved fibers to HC-PBGFs. The main drawback
of this approach so far is in the relatively high level of
IL > 3dB [6] when 19-cell HC-PBGF was used (although
an excellent —60dB level of back-reflection was achieved).
With further refinement a reduced IL of 1-2dB with a slight
compromise in back-reflection (—50dB) was reported [7].
The main challenges of this approach are the difficulty in
reliably achieving accurate angle cleaves on such delicate
structures and the high sensitivity of the IL to the cleave
quality.

In this letter, we demonstrate a novel approach for low-loss,
low back-reflection and highly-efficient fundamental-mode
coupling between SMF-28 fiber and HC-PBGF. Our approach
is based on fiber-array (FA) interconnection technology [8]
which can be used to create a robust and permanent HC-PBGF
to SMF-28 interconnection, whilst at the same time hermeti-
cally sealing the end-facet of the HC-PBGF.

We incorporate a graded-index (GRIN) fiber based MF
adapter and demonstrate how sensitive low-loss coupling
between the SMF-28 and the fundamental mode of the
HC-PBGEF is to the precise length of the GRIN fiber used.
We achieved ILs as low as 0.30dB between the fundamental
modes of the two fibers (a record value); with a reduced
back-reflection loss of —30dB. We also characterized the level
of MPI and measured the polarization-dependent loss.

II. MODIFIED FIBER-ARRAY TECHNOLOGY

Our approach is based on the FA assembly technique, which
is a well-established method to pigtail photonic lightwave cir-
cuits (PLCs) with solid-core optical fibers. The fibers are first
glued into a V-groove array, which is then glued onto the PLC
end-facet. Adaptation is required to apply this basic approach
to the case of HC-PBGF to solid-core fiber interconnection and
a schematic of the modified FA assembly is depicted in Fig. 1
along with the principle of MF adaptation using a GRIN fiber
segment.

First we use a 1-channel FA for the solid-core fiber and MF
adaptation, we fusion splice GRIN fiber to the end of the input
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B
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I
[T swiF2s GRIN ' HC-PBGF T
Fig. 1. Ilustration of the developed I-channel FA, a) containing

SMEF-28 spliced on GRIN, with the GRIN length precisely polished and
with a subsequently deposited AR coating, b) containing HC-PBGF inserted
and aligned with the FA end-facet. Two short segments of the same-diameter
HC-PBGF are used to set the vertical gap size, ¢) with a schematic of the
MF propagation and MF matching at the GRIN-HC-PBGF interface.

SME-28. This MF adaptation technique has previously been
used to make connectors for high power laser applications [9]
in which a large MFD (and thus lower power density) is
required at the point of interconnection. We cleave the GRIN
fiber to a length longer than the target length and insert the
spliced SMF-28 and GRIN segment into the V-groove before
gluing it in place. Finally, we polish the fiber-array end-face
until the desired GRIN length is achieved. This process allows
for very precise control of the GRIN fiber length (um-level),
which is essential for low-loss interconnection, as we shall
show later. Subsequently, for this proof-of-principle demon-
stration, we deposit a simple TiO2/SiO; 2-layer AR coating
on the GRIN end-facet (see the SMF-28-GRIN component
in Fig. 1a). The AR coating had the minimum reflection of
—32dB at 1600nm and a 3-dB bandwidth of 60 nm.

Simulations (ray-tracing in ZEMAX) indicated that the
best commercially available GRIN fiber has a core diameter
of 62.5 um (standard OM1 graded-index multi-mode fiber).
For a fully-collimating (quarter-pitch, length 265 #m) GRIN,
it gives MFD of 24.6 um, which is close to the MFD of the
fundamental mode in HC-PBGF.

HC-PBGF cannot be polished in the V-groove in the same
way as the solid-core GRIN fiber because of fear of damage
to the delicate microstructure and ingression of polishing
products. Thus, we modified the FA assembly procedure
for HC-PBGF, which also takes into account the fact that
HC-PBGFs generally have non-standard outer diameters which
can vary from HC-PBGF sample to sample. The FA is
a l-channel type, but includes three V-grooves. The two side
V-grooves are used to set the vertical gap between the upper
and lower blocks of the FA by using HC-PBGF segments
made of the same fiber (same diameter) as that to be used
in the interconnection. At this stage, we intentionally leave
the central V-groove empty. Subsequently, the HC-PBGF FA
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OBPF CIRC PC
QIR
A4
/.54
1545-1555 nm
b) DEVELOPED INTER-CONNECTION
SMF28-GRIN HC-PBGF GRIN-SMF28
.. L fpmiosa
c) SMF28-GRIN Fiber-arrays HC-PBGF |
: T i
T [pitch & yaw| [pitch & yaw] Yaxs |
of the i
INPUT SIDE Z-axis X-axis| | X-axis Z-axis
Fig. 2. Measurement configuration including a) input signal genera-

tion, b) developed interconnection with output power/spectral measurement,
¢) side-view of the alignment apparatus, and d) 19-cell HC-PBGF struc-
ture. EDFA - Erbium-doped fiber amplifier, OBPF - optical bandpass filter,
CIRC - circulator, PC - polarization controller, GRIN - graded-index fiber MF
adapter, PM - power meter, OSA - optical spectrum analyzer.

is polished and cleaned. After that, we insert a freshly cleaved
HC-PBGF into the central V-groove and precisely align its
end-face with the front edge of the FA (see the HC-PBGF
component in Fig. 1b).

III. MEASUREMENT SETUP

The HC-PBGF used in our experiments was an in-house
made 19-cell HC-PBGF with a 230 um outer diameter and
a 31.4 um central air-hole diameter. The MFD of the fun-
damental mode was calculated (in COMSOL) to be 21.1 yum
at 1550nm. Calculated interconnection loss between the cal-
culated shape of the HC-PBGF mode and a Gaussian beam
of 21.1 um (ideal) and 24.6 um (our quarter-pitch GRIN
lens) was 0.13dB and 0.23 dB, respectively. We prepared two
samples, having 10m and 50 m HC-PBGF lengths, and made
interconnections to SMF-28 fiber pigtails at each side.

For precise alignment, the FAs were placed on 5-axis
micropositioning stages (X,Y,Z, pitch, and yaw), as shown
in Fig. 2. We used a stabilized Erbium-doped fiber ampli-
fier (EDFA) as a broadband light source. The EDFA
output (ASE) was coupled into an optical bandpass fil-
ter (OBPF) with 10nm bandwidth. The light then passed
through a circulator (CIRC), a fiber polarization con-
troller (PC), and the first SMF28-GRIN-HC-PBGF. After the
HC-PBGF sample, the signal was coupled through the sec-
ond HC-PBGF-GRIN-SMF-28 (again, using 5-axis micropo-
sitioning stage) and was measured with the optical spectrum
analyzer (OSA) or power meter (PM). The spectrum of the
reflected signal was measured at the 3rd CIRC port.

IV. RESULTS

First, we measured the IL dependence on the GRIN
length. Our preliminary experimental results (not shown here)
indicated that the optimum GRIN length is slightly longer
than that expected from the theoretical analysis. We used
five pairs of GRIN-SMF-28 FA with the 2-layer ARC and

n
)

\

Total insertion loss (dB)
= -
” =)

0 Il Il Il Il Il Il
285 290 295 300 305 310 315 320
GRIN length (p:m)

Fig. 3. Dependence of total insertion loss of the whole SMF-GRIN-HC-
PBGF-GRIN-SMF component on the GRIN fiber MF adapter length (the
same GRIN length was always used on both sides), utilizing a 10-m long
19-cell HC-PBGF.

GRIN lengths (the same lengths in each pair) of 290,
295, 300, 305 and 315 um, respectively. The GRIN lengths
were measured using an optical microscope, measuring the
splice to end-facet distance with a measurement uncertainty
of =1 um. The measured IL for the whole SMF-28-GRIN-
HC-PBGF-GRIN-SMF-28 assembly is plotted in Fig 3.

The minimum IL was obtained with a GRIN Ilength
of 295 um. It is worth noting that deviation as little as
5 um from the optimum GRIN length leads to the insertion
loss increase of >0.1-0.2dB (see Fig. 3). A similar level
of insertion loss increase is expected (based on a numerical
analysis) in the case of longitudinal or transverse misalignment
of ~5 um. Note that besides slightly increased insertion loss,
any misalignment will result as well in stronger unwanted
HOM excitation.

Besides optimizing the IL using the two 5-axes stages,
we also monitored the quality of the launch into the fundamen-
tal mode by observing the transmitted signal with the OSA.
Any component of power launched into HOMs presents itself
as MPI and is visible as spectral ripples on the transmitted
broadband spectrum measured at the OSA. This technique is
simpler than conventional measurements of MPI based on the
time-of-flight technique [10] or S2 measurement [10], [11].
The HOMs contributing most to MPI are the LP1; mode and
the LPg mode with differential modal delays of 8.7 ps/m and
21.4 ps/m respectively [11]. We should be able to observe MPI
from these modes in HC-PBGF with lengths up to 45m and
18 m length respectively when operating the OSA at its highest
resolution of 20 pm.

The MPI for various GRIN lengths used for the 10-m
long HC-PBGF sample is shown in Fig. 4, together with the
measured IL for the entire SMF28-GRIN-HC-PBGF-GRIN-
SME-28 assembly.

The minimum MPI (demonstrated as the smallest ampli-
tude spectral ripples) was achieved for a GRIN fiber length
of 295 to 300 um (the minimum IL was achieved for the
295 um length).

Once we optimized the optical performance, we glued the
FAs together. Apart from ensuring that the connection does not
move during the glue-curing process, we had also to ensure
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Fig. 4. HOM interference ripples in transmitted spectra for various GRIN

fiber MF adapter lengths measured for the whole SMF28-GRIN-HC-PBGF-
GRIN-SMF28 configuration including a 10-m long HC-PBGF.
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Fig. 5. Back-reflection spectra of the final component including 50-m long
HC-PBGE.

that the glue does not creep into the HC-PBGF microstructured
region - we used a fast (<5s) UV-curable, high viscosity
glue for this purpose. First, we aligned both 5-axis stages for
the entire SMF-28-GRIN-HC-PBGF-GRIN-SMF-28 assem-
bly. During the gluing, (the first interconnection followed by
the second one), we observed a maximum increase in the IL
per interface of 0.05dB.

Subsequently, we interconnected a 50-m long HC-PBGF.
We achieved an IL of 0.8740.05dB (which also includes
the PDL) for the complete SMF-28-GRIN-HC-PBGF-
GRIN-SMF-28 glued assembly. Considering the loss of
the 50-m long HC-PBGF (4.0 dB/km), we calculated IL
per connection of 0.30dB. Figure 5 shows the measured
back-reflection spectrum of the 50-m long HC-PBGF after
the assembly process (without the OBPF). We observed 15dB
lower back-reflection at 1580nm (the used ARC showed
minimum reflection there) with respect to the measured 4 %
reflection from a flat interface.

V. CONCLUSION

In this letter we have presented for the first time a FA
based approach to create a permanent hermetically sealed int-
erconnection of HC-PBGF to SMF-28s. Our method provides
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signal propagation in the fundamental mode, with the signal
propagating in the higher-order modes being significantly
suppressed, reducing multipath propagation effects.

Using our approach, a coating can be applied to the inter-
face. As a proof-of principle, we have reduced back-reflections
by 15dB compared to the typical silica-air interface by
depositing a simple 2-layer AR coating. Apart from reducing
the back-reflection, the AR coating is also expected to reduce
IL by 0.17dB per silica-air interface.

We reached best-ever reported insertion loss between
SMEF-28 and 19-cell HC-PBGF of 0.30dB, confirmed both for
a 10-m long and 50-m long HC-PBGF. The interconnection
was reciprocal, with IL difference of only 0.03dB for both
propagation directions, confirming good coupling between
fundamental modes of both fibers. Furthermore we have pre-
sented a simple approach of single-mode launch verification
by monitoring MPI with a spectrum analyzer.

An additional advantage of the presented method lies is the
fact that it can be straightforwardly extended to simultaneously
interconnecting several (e.g., 64) HC-PBGFs with multiple
SMF-28s or even with a multi-port planar lightwave circuit
(e.g., a 64x64 PLC coupler).
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4.3 Low loss and high performance interconnection
between standard single-mode fiber and

antiresonant hollow-core fiber
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Relevance to the thesis:

The new coupling method/interconnection technique was further optimized and examined
with a focus on the state-of-the-art NANF. In this paper we have shown an interconnection
of SMF-to-NANF-to-SMF. We have presented several variants of efficient coupling using
OM1 and OM2 GRIN multimode fibers as MFAs, as well as TEC-based MFA. We have
identified the sources of the coupling losses, presented the theoretical limits of the SMF-
to-NANF coupling for each of the proposed MFAs and, subsequently, experimentally
verified them. The sources of the insertion losses have been identified to be mode-field size
mismatch and shape symmetry mismatch due to the six fold symmetry of NANF, compared
to the circularly symmetrical field distribution of GRIN and TEC MFAs. Furthermore,
we have examined in detail HOM cross-coupling. To that end we present a quick and
easy method to characterize HOMs by analyzing a broadband transmission spectrum
using the Fourier transform. This gives us an evaluation of several first HOMs (given
by the resolution of the optical spectrum analyzer and the length of the NANF), which
are the most important as they propagate with the lowest attenuation and are, therefore,
the most significant for bidirectional coupling, as well as detrimental in many practical
applications. Fresnel back reflection has been again reduced using ARC. We demonstrate
SMF-to-NANF interconnection with record-low IL of 0.15 dB per interconnection, which is
the lowest reported value. LP1; mode coupling is only -35 dB and Fresnel back reflection
is -40dB.
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ABSTRACT

We demonstrate halving the record-low loss of interconnection between a nested antiresonant nodeless type hollow-core
fiber (NANF) and standard single-mode fiber (SMF). The achieved interconnection loss of 0.15dB is only 0.07 dB above the
theoretically-expected minimum loss. We also optimized the interconnection in terms of unwanted cross-coupling into the
higher-order modes of the NANF. We achieved cross-coupling as low as -35dB into the LP; mode (the lowest-loss higher-order
mode and thus the most important to eliminate). With the help of simulations, we show that the measured LP;; mode coupling
is most likely limited by the slightly imperfect symmetry of the manufactured NANF. The coupling cross-talk into the highly-lossy
LPg, mode (> 2000dB/km in our fiber) was measured to be below -22dB. Furthermore, we show experimentally that the
anti-reflective coating applied to the interconnect interface reduces the insertion loss by 0.15 dB while simultaneously reducing
the back-reflection below -40 dB over a 60 nm bandwidth. Finally, we also demonstrated an alternative mode-field adapter to
adapt the mode-field size between SMF and NANF, based on thermally-expanded core fibers. This approach enabled us to
achieve an interconnection loss of 0.21 dB and cross-coupling of -35 dB into the LP;; mode.

Introduction

Hollow core fibers (HCFs) have been reported to reduce the attenuation from 1.3 dB/km a year ago' to the current state-of-the-art
of 0.28 dB/km?, making the prospect of obtaining an optical fiber with attenuation below that of solid silica single-mode
fiber (SMF) a distinct possibility in the near future. The latest three low-loss records in HCFs (1.3 dB/km!, 0.65 dB/km?, and
0.28 dB/km?) were reported in the Nested Antiresonant Nodeless Fiber (NANF), which therefore emerges as the most promising
geometry in the quest for lower losses than the SMF. Besides this potential for ultra-low attenuation, HCFs have a range of
additional advantages including low latency of propagation®, low thermal sensitivity of latency as well as accumulated phase?,
low nonlinearity®,”, high damage threshold®, etc., making them of interest in a wide range of applications. To fully benefit from
these advantages, however, an efficient low-loss and low-back-reflection interconnection between HCFs and mainstream SMFs
is needed.

Recently, we demonstrated a new permanent, low-loss SMF-HCEF interconnection technique based on gluing rather than
splicing®. Fiber gluing is a widely-used process in demanding and cost-sensitive applications including telecoms, e.g., for
pigtailing of planar lightwave splitters'?. As gluing does not require any heating of the fibers (as opposed to fusion splicing),
there is no deformation to the HCF micro-structure, which otherwise increases the interconnection loss. Further, no heating
means that an optical coating can be applied in between the HCF and SMF. When anti-reflective (AR) coating is deposited, it
significantly reduces the unwanted 3.5% back-reflection occurring at the glass-air interface in between the air core of the HCF
and the solid silica glass core of the SMF. In addition to reducing the back-reflection, it also lowers the insertion loss (by up
to 3.5% that would otherwise be lost in the back-reflection). The most important aspect, however, that must be addressed to
achieve low-loss SMF-HCEF interconnection, is to adapt the mode-field diameter, which at 1550 nm is typically 10.4 um for the
SMF and >20 um for low-attenuation HCF®.

In®, we inserted a short segment of graded-index multi-mode fiber (GRIN) in between the SMF and HCF, which served as
a lens that adapted the mode field size. When complemented with the AR coating, an HCF-SMF insertion loss (IL) as low
as 0.3 dB and back-reflection below -30 dB were achieved. This was demonstrated with a photonic bandgap type of HCF,

38



which was the state-of-the-art in terms of attenuation before the NANF emerged. These two types of HCFs are fundamentally
different in their guiding mechanism (photonic bandgap guiding versus antiresonant effect guiding) as well as structure (delicate
photonic bandgap with a large number of thin glass membranes versus a small number of tubes). As the antiresonant HCFs
emerged as a low-attenuation solution only recently, there is only a limited number of reports on their interconnection with
SMEF. To the best of our knowledge, the lowest interconnection loss reported is 0.5 dB for simple SME-NANF interconnection!!
or 1.5dB for a more complex device (1x2 splitter,'?).

Although the lowest-loss value reported for a HCF-SMF interconnection of 0.3 dB is acceptable for a wide range of
applications, it is 0.17 dB higher than expected from simulations®. Additionally, there are no data on how much of the light is
coupled into the HCF’s higher-order modes (HOMs) in these low-loss interconnections, and (even more importantly) how and
how much this can be suppressed. From the practical point of view, loss lower than 0.3 dB will be of interest in high-power
applications and laser resonators. Lower unwanted coupling into HOMs is of interest in applications sensitive to modal noise,
e.g., interferometry'3, precise time'4, frequency transfer'> and even telecommunications'®,!”.

In this paper, we show a record low-loss SMF-NANTF interconnection of 0.15 dB (which increases slightly to 0.16 dB when
permanently glued), which is only 0.07 dB higher than the theoretically predicted minimum loss of 0.08 dB (calculated from
the mode-field overlap between the field in NANF and a Gaussian field profile). This represents over 2 times improvement from
the previous result in which the interconnection loss of 0.30 dB was 0.17 dB above the theoretical limit”. This improvement
is thanks to the use of a mode-field adapter that is better matched to the mode of the HCF used. Simultaneously, we report
a low-back-reflection level of -40dB over 60 nm bandwidth thanks to a high-performance AR coating. Furthermore, we
calculated and measured the coupling into the HOMs and show that: (i) the coupling magnitude to the LP; mode was measured
to be below -35dB (calculated value: -41dB) and that it is likely to be limited by the symmetry of the fabricated NANF,
and (ii) coupling magnitude to the LPyp, mode was measured to be below -22 dB (calculated value: -24 dB). In addition to
the GRIN-based mode field adaptation, we also present a new configuration based on thermally-expanded core fibers (TECs),
showing experimentally a NANF-SMF interconnection loss of 0.21 dB.

Simulations of NANF mode field profile and higher-order modes

NANF HCF used in our experiment is of the same geometry as reported in', operating in the 2nd antiresonant window at
1550 nm. It has six large tubes with smaller tubes placed inside them, see Fig. 1a. The measured core diameter is 32.5 um.

Firstly, we measured the field profile of light at the NANF output. The result together with an image of the used NANF
end-face are shown in Fig. la. Subsequently, we simulated the fundamental mode-field profile of the NANF used in our
experiments (obtained using the fiber end-face image shown in Fig.la and technique described in detail in'®) using COMSOL
Multiphysics. Both simulated and measured mode field profiles show that NANF mode is not circularly symmetric - it actually
has a six-fold symmetry, following the symmetry of the fiber microstructure. This is also visualized in Fig. 1¢, where the mode
field profile is plotted along the two principal axes (that are shown in Fig. 1b).

Let us consider light coupling between the NANF fundamental mode and a Gaussian-profile beam. A priori, we expect
the mismatch between the circular symmetry of the Gaussian beam and the six-fold symmetry of the NANF fundamental
mode to impose a fundamental limit on the achievable interconnection loss. However, the symmetry is not the only limiting
factor, as we can see by analyzing the data shown in Fig. le, where one of the mode field profiles from Fig. 1c is fitted with
a Gaussian profile. Clearly, the NANF mode field profile is not Gaussian, which is especially visible in the mode field tails,
where the Gaussian profile vanishes more slowly than the profile of the NANF fundamental mode. Both of these phenomena
(the non-circular symmetry and non-Gaussian mode field profile) contribute to: (i) the minimum-achievable coupling loss
between a Gaussian-profile beam and the fundamental mode of NANF, and (ii) coupling into HOMs. Theoretical analysis
(calculating overlap integrals between the Gaussian mode and the NANF modes) shows that the minimum coupling loss from a
Gaussian beam into NANF fundamental mode is 0.08 dB, with simultaneous coupling into LPg, mode (essentially a cross-talk)
of -24dB. Coupling into the LP;; mode is -41 dB. The LP;; coupling occurs due to the small deviations from the ideal
symmetry (fabrication errors) of the manufactured NANF structure, this coupling would ideally be zero thanks to the different
symmetries of the fundamental mode and the LP;; mode. The attenuation of the fundamental, LP;;, and LPy; modes (limited
by confinement loss) is calculated to be ~0.6 dB/km, ~35 dB/km and ~2100 dB/km, respectively.

Mode field adaptation

There are two aspects to be addressed to obtain ultra-low-loss interconnection between NANF and standard SMF: 1) The
differences in mode field profile between the NANF and SMF-28 and 2) the Fresnel losses and back-reflection caused by the
difference in refractive indices at a glass-air interface (about 3.5% for a silica glass-air interface).

As for the mode field adaptation, we would ideally need to transform the mode field profile and size of the SMF to match
those of the NANF. As discussed earlier, transforming the mode field profile is challenging due to the different symmetry
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Figure 1. a) Measured mode field distribution at the output of NANF overlaid with the captured image of the NANF core area.
b) Simulated fundamental mode field distribution overlaid with the NANF microstructure, extracted from the used NANF
end-face photograph. ¢) Mode field profiles from (b) along the two principal axes shown in (b). d) Averaged axis 1 and 2 mode
field profiles from measurement and simulation e) Mode field profile from (c) and its Gaussian fit.

(circular for SMF and six-fold for NANF) as well as the slightly different field profiles: both SMF and NANF modes are almost
Gaussian, but as we have shown in Fig. 1e they do not fit the Gaussian profile perfectly. Thus, we attempt to match the mode
field size only, accepting this will limit the minimum-achievable coupling loss. As shown in our theoretical analysis, this
limitation is expected to be 0.08 dB (provided we generate a perfectly-Gaussian mode field profile of optimum size).

To enlarge the mode field diameter (MFD) of SMF (10.4 um) to that of our NANF (~24 um), we use here two approaches:
the first one uses commercially available graded-index multi-mode fiber (GRIN) as mode field adapters (MFA), the other one
uses SMF-based TEC mode field adapters.

GRIN and TEC fiber based MFAs

An optical signal that propagates from SMF to GRIN enlarges and shrinks its MFD in a periodic/sinusoidal fashion along the
length of the GRIN (one period is referred to as ’one pitch’). It is therefore possible to achieve the desired MFD by controlling
the length of the GRIN segment. The largest MFD is obtained when the GRIN length is at 1/4 of the pitch, which is also
the length at which the output beam is collimated. In our experiment, we splice the GRIN fiber to SMF-28, put it into a
single-channel glass fiber array (FA) and polish it to the desired length, which depends on the required MFD. We described this
technique in detail in our previous publication®.

We consider commercially available GRIN fibers of type OM1 (core diameter 62.5 um, numerical aperture NA = 0.275) and
OM2 (core diameter 50 um, NA = 0.20). We used BeamProp software to model propagation through the GRIN fibers (OM1
and OM2) to get an estimate of the 1/4 pitch length as well as the output MFD. The modelling results for GRIN length in the
vicinity of the 1/4 pitch (which is the region of our interest, as we show later) are shown in Fig. 2a. MFD is calculated at the
1/€? of the intensity profile. We see that OM1 type GRIN provides a MFD up to 19.1 um (at 1/4 pitch length of 260 um), while
OM?2 type GRIN offers a MFD up to 23.2 um (at 1/4 pitch length of 300 um). The main reason OM2 provides larger MFD
as compared to OM1 is its lower NA. Fig. 2b shows coupling loss between the mode generated by the GRIN MFA (which
we measured in the near-field to be Gaussian) and a Gaussian mode with 24.1 um MFD (MFD value obtained by fitting the
NANF mode with a Gaussian profile). We see that OM2 should provide close to 0 dB loss for coupling into a Gaussian mode of
24.1 um MFD for a GRIN length of 250-350 um. Fig. 2c shows the coupling loss between the mode generated by the GRIN
MFA (considered to be Gaussian) and mode of our NANF (which includes the loss due to the mode field diameter mismatch
(shown in Fig. 2b) together with loss due to NANF’s 6-fold symmetry and its slightly non-Gaussian field profile) with the
earlier-discussed limit of 0.08 dB. However, MFD is not the only parameter of the beam leaving GRIN fiber. Unless it is at 1/4
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pitch, the beam is converging (focusing) or diverging, introducing phase curvature across the mode profile. This effect is not
considered in our simulations.
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Figure 2. (a) Calculated MFD of OM1 (solid line) and OM2 (dashed line) type GRIN as a function of its length. (b) Coupling
loss between Gaussian mode with MFD of 24.1 um and output of GRIN mode field adapter shown in (a). (c) Coupling loss
between NANF fundamental mode and output of GRIN mode field adapter shown in (a).

To overcome Fresnel losses, we use an AR coating applied on to the polished GRIN surface’. To deposit this coating,
particular care must be given to the coating deposition temperature, as the GRIN is glued inside the FA. Glue may not withstand
high temperatures used for standard thin-film coating procedures and lower deposition temperature may compromise the
coating quality. This is why in our previous report, we achieved a back-reflection level of -30 dB only. Although this level of
back-reflection does not degrade the interconnection loss (-30 dB back-reflection corresponds to 0.1% of transmission loss,
which is negligible as compared to the expected insertion loss of 0.08 dB (1.8%) transmission loss), better back-reflection
suppression would be of interest in many applications. Here, we improved the control of the AR deposition process, achieving
more than 10 dB better back-reflection suppression. The AR coating is a 4-layer TiO,/SiO; design, which allows suppression
of back-reflection by up to 48 dB, with >40 dB suppression over a 60 nm bandwidth (1550 - 1610 nm), Fig. 3.
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Figure 3. Measured back-reflection of SMF-GRIN and SMF-TEC MFAs as a function of wavelength.

TECs are commercially-available and typically provide 2-3 times magnification of the mode field size of standard SMF. We
purchased TECs with mode field diameters of 20, 24, and 26 um and a deposited AR coating of 40-dB back-reflection-level at
1550 nm as shown in Fig. 3.

SMF-NANF interconnection characterization

Measurement setup

As NANF can support the guidance of HOMs, we need to be cautious when measuring a single SMF-NANF interconnection to
accurately characterize the coupling between the SMF and the NANF fundamental mode. This is because measuring power
directly at the NANF output includes contributions from all the propagating modes and HOMs can carry an appreciable fraction
of the total optical power.
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One way to measure coupling between the SMF and NANF fundamental mode is to use a long length of NANF in which
all HOMs are attenuated (thanks to the relatively high differential loss between the NANF fundamental mode and HOMs),
obtaining only the fundamental mode power at the NANF output.

We chose another approach, using a short NANF (10 m) and performing interconnection with the SMF at both ends using a
pair of identical MFAs (Fig. 4). This method allows for accurate coupling loss measurement between the fundamental modes
of the two fibers” and also allows for estimation of the coupling efficiency into HOMs, which is not possible using a single
interconnection and a long length NANF (HOMs will already be attenuated and no interference pattern will be visible). This
approach provides additional means of characterization of the interconnection performance.

We took a set of GRIN and TEC MFA pairs with various mode field sizes. For each MFA pair, we aligned them with a 10 m
long NANF sample and measured the total insertion loss as shown in Fig. 4. We used an Erbium-doped fiber amplifier (EDFA)
operated in automatic power control mode as a broadband light source (Keyopsys KPS-BT2-C-10-LN-SA). We chose this
source as it is broadband and unpolarized, avoiding effects of polarization dependent loss or interference during the alignment.
The EDFA signal was filtered with a 10 nm wide optical band-pass filter (OBPF) (1545 - 1555 nm). The output of OBPF was
then passed through a circulator (CIRC) to the input of the first MFA. The MFA output was precisely aligned with NANF using
a 5-axis micropositioning stage (Thorlabs NanoMax MAX313D/M with pitch and yaw tilt platform APY002/M). Port 3 of
CIRC enabled measurement of the back-reflection. The NANF output was aligned in a similar fashion to the second MFA.
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Figure 4. Setup used for insertion loss and back-reflection measurement of SMF-NANF-SMF interconnect for GRIN/TEC
MFA pairs.

There are two important aspects of our measurement we would like to emphasise: Firstly, the use of the 5-axis stages
that enables pitch and yaw alignment. Besides angular misalignment compensation, it also allows for compensation of small
imperfections in the NANF cleave angle, which was always below 1° in our experiments. Secondly, the accurate calibration of
transmitted power for accurate insertion loss measurement. For this, we firstly measured the transmitted power using an SMF
patchcord and considered it as our reference (zero loss) value. Subsequently, we cut this patchcord in the middle and spliced
the two MFAs in. Finally, we inserted the NANF sample in between the two MFAs and measure the total insertion loss of the
SMF-NANF-SMF interconnections. Loss of a single SMF-NANF interconnection is then given as half of this value. This,
however, means our loss measurement includes two SMF-SMF splices, which we do not account for in our analysis and which
may cause up to 0.01 dB loss each. Although this makes for a slightly overestimated loss value, this is, however, at the level of
accuracy of our power measurement (0.01 dB) and is thus considered negligible.

The output signal was captured using either a power meter (PM, Thorlabs S154C, to characterize insertion loss) or an
optical spectrum analyzer (OSA, Yokogawa AQ6370C, to characterize back-reflection and HOM interference). This approach
allows us to repeatably achieve the insertion loss of 0.15 dB within +0.01 dB accuracy.

As analyzed in simulations, we expect some level of coupling into HOMs even when perfectly aligning the MFA with the
NANF. As we mentioned, analysis of the optical spectrum of a broadband signal that propagates through NANF interconnected
on both ends with SMF enables observation of coupling into HOMs. This manifests itself as an interference pattern. The
light that is coupled into a HOM at the first MFA-NANF interface propagates in that mode and a fraction of it is coupled back
into the fundamental mode of SMF after the second NANF-MFA interface. As the fundamental mode and the HOM have
different effective refractive indices, the power recorded at the OSA shows a signature interference pattern. The amplitude of
the interference pattern is proportional to the magnitude of the HOM excitation, while the interference period is proportional to
the difference in propagation constants between the HOM and the fundamental mode of the NANF. Thus, we can distinguish
between coupling to various HOMs too. This approach is significantly faster and easier to use than the traditional time of
flight method!?, which is especially of interest during the alignment of the interconnection, in which we try to simultaneously
maximize the output power (hence coupling into the fundamental mode) and minimize the HOM interference pattern amplitude
observed at the OSA (to minimize coupling into HOMs). It is important to note that in practice this technique is only possible
with short pieces of fiber due to the limitation of the OSA resolution. E.g. our OSA (Yokogawa AQ6370C) with a minimum
resolution of 0.02 nm allows the use of 44 m long fiber.
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Interconnection loss with GRIN MFAs

In this work we consider commercially available GRIN fibers to find the best MFD match. For our NANF we found the OM2
GRIN fiber to provide the closest match with the OM1 coming the second. However, depending on the particular NANF and
its corresponding MFD, different type of GRIN fiber can provide an optimal mode-field adaptation. The insertion loss of
SME-NANF interconnections was measured for each GRIN MFA pair, see Fig. 5.
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Figure 5. Insertion loss of SMF-28-NANF interconnect using OM1 (AR coated, blue circles, solid blue line represents fitted
measurement data) and OM?2 with (red crosses) and without (black diamonds) AR coating GRIN MFAs.

For OM1-based AR-coated MFA, a minimum loss of 0.32 dB was achieved with the GRIN fiber 1/4 pitch long (250 um,
Fig. 5), corresponding to the largest MFD that can be provided by the OM1 based MFA, Fig. 2. This MFD (19.1um) is smaller
than what is necessary for our NANF (Fig. 1d, MFD about 24 pm). The expected loss is 0.35 dB (Fig. 2¢), which is close to the
measured loss of 0.32 dB. We speculate this small discrepancy is caused by the small gap between the GRIN MFA and NANF
fiber that was made during the alignment targeted to find the best value, which may have slightly enlarged the beam MFD (an
effect we have not accounted for in our theoretical analysis).

The OM2-based MFA is expected to give significantly better match of the mode field size (up to 23.2 ym in 1/4 pitch GRIN
length, which is achieved for 300 um, Fig. 2a) to that of our NANF. As coupling between Gaussian fields of 23.2 um and 24 um
MFDs leads to a negligible loss (<0.01 dB, Fig. 2b), we expect the NANF-MFA interconnection loss to be dominated by
the 0.08 dB additional loss due to the symmetry and shape mismatch. Our experiments show a loss only slightly higher than
expected: 0.15 dB. This was achieved for a slightly shorter GRIN length (265 um), which however is, similarly to the optimum
1/4 pitch length, expected to bring negligible (<0.01 dB) mode field size mismatch loss, Fig. 2b. The 0.15 dB loss includes
the loss of the SMF-GRIN splice. We measured this splice loss and found it to be below our power measurement resolution
(£0.01dB). To evaluate the effect of the AR coating on the insertion loss, we also measured IL with the GRIN-MFAs before
applying the coating, Fig. 5, showing 0.15 dB increase in the IL (corresponding to 3.5%), which is exactly in line with the value
expected theoretically for the air-silica glass interface.

Unlike our previous study with photonic bandgap HCFs® in which we concluded that the GRIN length in MFA is very
critical (£5 pum length change produced almost 0.1 dB interconnection loss increase), here we see that significantly larger GRIN
length variation in here-used HCF and GRIN MFA should produce negligible interconnection increase (Fig. 2¢). Specifically, a
change of up to =50 um in GRIN length is predicted to produce insertion loss degradation below 0.01 dB. Experimentally,
we confirm this, albeit over only a limited GRIN length variation of 15 pm. This improvement is thanks to the MFA used in
combination with the HCF which was designed to ensure that the MFD of the mode generated with the quarter-pitch length
GRIN is well matched to the MFD of the NANF. The larger margin on the GRIN length we show here can be achieved with
cleaving®®, reducing the complexity of preparing an optimum-length GRIN MFA.

Interconnection loss with TEC MFAs

The insertion loss for each TEC MFA pair was measured, Fig. 6. As expected, the TEC producing a MFD of 24 um gives the
lowest insertion loss. We measured 0.21 dB, which is 0.13 dB above the mode symmetry and shape mismatch limit of 0.08 dB.
For 21 and 26.5 um MFD TECs, we measured an insertion loss of 0.24 and 0.29 dB, respectively. Based on the mode size
mismatch, we would expect degradation of 0.08 dB for 21 pum and 0.04 dB for 26.5 um as compared to the optimum 24 pm.
These very small values do not correlate well with the experiment (although they are of the same magnitude as measured).
This can be caused either by mode shape mismatch (the TEC-MFA mode can deviate more from the Gaussian shape for larger
MFDs) or by inner TEC insertion loss (larger TEC-MFA having higher insertion loss). Both of these are plausible, as larger
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MFD TEC expansion requires longer heat processing and thus provides less control over the shape of the output TEC refractive
index and mode field profile.
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Figure 6. Insertion loss of SMF-28-NANF interconnect using TEC-based MFAs of various MFDs.

Measurement of higher-order mode content

HOM interference patterns (optical spectrum measured at the SMF-MFA-NANF-MFA-SMF output) measured when using the
best-performing pairs of GRIN and TEC MFAs are shown in Fig. 7.
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Figure 7. Interference pattern due to coupling into HOMs measured with the best-performing GRIN and TEC MFAs.

We see very weak (below 0.05 dB peak-to-peak) spectral oscillations of the transmitted power. The period of the oscillation
is directly proportional to the propagation delay in NANF between the fundamental mode and a HOM that is being excited.
Thus, a Fourier transform of the spectrum enables us to analyze the HOMs that are being excited, as we know the guided
modes propagation constants from simulations. Fig. 8 shows the Fourier transform of data from Fig. 7, in which we have
identified two HOMs that were predominantly excited: LP;; (expected from simulations to be at 3.1 ps/m) and LPg; (expected
from simulations to be at 8.7 ps/m) modes. To estimate how much power is carried by these two modes, we have to find the
relationship between the coupling efficiency for these HOMs and the measured quantities.

Considering only the fundamental mode and a single HOM, the detected power is:

|E 4 aE cos (ATL) > = |E|* 4+ 2a|E|* cos (AT), (1)

where o is the fraction of energy that couples into the HOM, propagates in the HOM, and then couples back into the
fundamental mode. A7 is the normalized differential delay between the two modes inside the NANF. L is the fiber length and E
is the intensity of the electric field. We have neglected the term proportional to 2. Then, the Fourier transform of the measured
data is:

F(|E+aE|*) = |[E]*8(t) + a|E[*(8(t — AT) + 8 (1 + AT)). 2)
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Figure 8. Fourier transform of spectral trances shown in Fig. 7. Positions of LP; and LPy; modes expected from simulations
are 3.1 and 8.7 ps/m.

In Fig. 8, we see the tone at  — AT (due to the beating between the NANF fundamental mode and the HOM) which has a
normalized amplitude of ¢&«. When taking into account the calculated attenuation of the LP;; and LPyp modes mentioned earlier
(we need to separate the & contributions due to attenuation and due to coupling at the MFA-NANTF interfaces) and assuming the
HOM coupling is identical at both MFA-NANF interfaces, we calculated that the coupling magnitude at a single GRIN-MFA
interface into the LP;; and LPg, modes is -35.3 dB and -21.3 dB, respectively. The LP;; mode has negligible loss for the 10-m
long NANF sample used (35 dB/km), and thus the measured tone amplitude in Fig. 8 corresponds directly to the coupling
into the LP;; mode. However, the loss for LPg, (2100 dB/km) cannot be neglected (21 dB in 10 m of NANF) and contributes
significantly to the calculated coupling efficiency into the LPg> mode. For TECs, the LP;; coupling is very similar, -35.0dB,
but coupling into LPg; is slightly higher at -20.1 dB.

The measured results for coupling into the LP;; (-35 dB) and those simulated considering slight deviation from the perfect
symmetry of the used NANF sample (-41 dB) are very close, especially considering measurement and simulation errors (due to
limited resolution of the trace in Fig. 8 and limited accuracy of extracting data from the measured cross-sectional fiber image
used in the simulations). In light of this, we conclude that coupling into the LP;; mode at a single MFA-NANF interconnection
is most likely limited by the symmetry in the fabricated NANF rather than by other effects such as poor cleave quality. This
conclusion is further supported by the fact that we measured an almost identical level of LP1; coupling using both, GRIN and
TEC MFAs, suggesting this coupling is more related to the NANF properties rather than anything else. As for the LPg; results,
we measured slightly higher values than predicted (-24 dB), suggesting the mode field profile generated in MFAs deviates
slightly from a Gaussian (as the simulations were based on an MFA with Gaussian mode field profile). This slight deviation
may also explain why we have not achieved an insertion loss closer to the expected value of 0.08 dB (which is also calculated
considering a Gaussian-profile input beam). Furthermore, in the GRIN-MFA, the measured value of -22.3 dB is closer to the
prediction (-24 dB) than the value measured for a TEC-MFA (-20.1 dB), suggesting the mode field profile at the TEC output
deviates more from the Gaussian than at the GRIN-MFA output. This may explain why we measured the insertion loss with the
GRIN-MFA to be slightly smaller (0.15 dB) than for TEC-MFA (0.21 dB).

It is worth mentioning that a low-level of cross-coupling into LP;; mode (e.g., -35 dB in our experiment) is more critical
than coupling into other HOMs due to the relatively low LP;; mode attenuation. The relatively high level of cross-talk into the
LPg, mode is then less critical for most applications due to the very high attenuation of the LPy; mode in typical NANFs. Apart
from the LP{; mode, all HOMs suffer attenuation similar to or higher than LPy, mode.

We conclude that the predominant loss mechanism of our interconnection is through coupling into the LPg; mode. We
expect this could be minimized by designing the GRIN fiber (to have a refractive index profile that slightly deviates from
parabolic) or by optimizing the fiber (refractive index profile) used in the TEC process. As far as reduction of the LP;; mode
coupling concerns, this would require more symmetric structure of the fabricated NANF. Since better symmetry will also bring
lower attenuation?, LP;; mode coupling will be further reduced for lower-attenuation NANFs that have been already reported
recently?.

Permanent interconnection

Based on the results shown in Fig. 5 we have proceeded to creating a permanent interconnection using a technique described in
detail in’. We used a slightly modified setup from Fig. 4, where we added fiber-array holders (Thorlabs HFA0OO1) onto the
5-axis stages.

The GRIN MFA, as discussed above, is glued in a fiber array and then polished to the desired length and AR coated. NANF
fiber array, however, is prepared slightly differently, because the end-face of the NANF cannot be polished, as debris would get
into the holes. This modified procedure has three steps. Firstly, after striping the protective coating from the small portion of
NANF, we cleaved it, and inserted it into an empty pre-polished fiber array. Then, the NANF cleaved end-face was aligned
with the pre-polished fiber-array end-face, so that both NANF and fiber-array end at the same point. Finally, we applied a
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UV-curable glue to the back-side of the NANF fiber array to secure NANF inside it.

Afterwards, we put both fiber arrays (with GRIN MFA and NANF) into the fiber-array holders, which we fixed on our 5D
stages (Thorlabs NanoMax MAX313D/M with pitch and yaw tilt platform APY002/M), enabling precise alignment in the same
way that was used previously for characterization. After aligning the two fiber arrays, we applied a viscous UV-curable glue in
between the two fiber arrays (ensuring the glue does not creep into the NANF microstructure) and cured the glue to form a
permanent interconnection. During the curing process, we continuously monitored IL of the interconnection and observed an
IL degradation of 0.01 dB, which is within our measurement accuracy. Thus, we conclude that the gluing did not degrade the
interconnection performance.

It is worth mentioning that although we made the interconnections manually (as a proof of concept), the entire process can
be in principle fully automated, as it is for conventional gluing-based fiber array assembly in the photonic industry.

Conclusion

We have demonstrated record low-loss interconnect between NANF and SMF with insertion loss of only 0.15dB. This is
0.07 dB above the theoretically-expected minimum loss due to the mode shape and symmetry mismatch between the NANF
mode and an ideal Gaussian mode. The interconnect was based on a modified fiber-array technology, which is industry-proven,
used, e.g., in telecom when attaching SMFs to high-port-number planar lightwave splitters (e.g., 1x64). As gluing is a cold
process (no fusion splicing involved), it allows for deposition of optical coatings in between NANF and the SMF-GRIN mode
field adapter. Anti-reflective coatings strongly-reduce the SMF-NANF 3.5% back-reflection due to the hollow core (air) to glass
core interface. We experimentally demonstrated better than -40 dB back-reflection over 60 nm bandwidth while reducing the
interconnection insertion loss by 0.15 dB (corresponding to the theoretically-expected reduction by 3.5%).

We used two approaches for adaptation of the mode field size between the SMF and NANF. The first mode field adapter
used a short segment of telecom-standard (OM2) graded-index multimode fiber. The interconnection insertion loss was 0.15 dB,
where we showed that a length variation as large as 15 um (such accuracy can be straightforwardly achieved with a modified
standard fiber cleaver) does not degrade the excellent interconnection insertion loss performance.

The second mode field adaptation approach used a thermally-expanded core of SME. TECs are available commercially at low
cost and can be manufactured with advanced commercially-available fusion splicers. We achieved NANF-SMF interconnection
loss of 0.21 dB with TEC mode field adapters.

We studied the unwanted coupling into higher-order modes of NANF. We measured HOMs using a simple method based on
an analysis of optical spectra. For the lowest-attenuation HOM (LP;, about 35 dB/km in our NANF), we found unwanted
coupling below -35 dB being most likely limited by the slight asymmetry of the fabricated NANF (rather than alignment or
NANF end-face cleaving imperfection). The second most prominent HOM into which a small portion of light was coupled is
the LPg mode (attenuation of 2100 dB/km in our NANF). Coupling into this mode, which has the same symmetry as the LPg;
mode, is mainly due to the mismatch of the shape of the mode field adapter output and the NANF LPy; fundamental mode
profile. We show that GRIN-based mode field adapter produces slightly smaller coupling into the LPy; mode (-21.3 dB) than
the TEC mode field adapter (-20.1 dB), suggesting the first one has a mode field shape better adapted to the LPy; mode than
the latter. This agrees with our insertion loss measurements, which show slightly worse result for TEC mode field adapters
(0.21 dB versus 0.15dB).

We then show that permanent glued interconnection of NANF with a GRIN-based mode field adapter brings negligible
(0.01 dB in our measurement, which is at our resolution limit) degradation to the final interconnection.

This work represents a new benchmark in hollow core fiber interconnection, showing simultaneously low loss, low coupling
into higher-order modes, and low level of back-reflection. It also outlines further necessary steps to improve this even further
(e.g., by improving the symmetry of the hollow core fiber or engineering the mode field profile generated by mode field adapters
to better match the shape of the hollow core fiber fundamental mode).
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4.4 Long-length and thermally stable high-finesse
Fabry-Perot interferometers made of hollow-core

optical fiber
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Relevance to the thesis:

The rapid development of low-loss HCF's has enabled their use in cutting-edge applications
such as Fabry-Perot interferometry (FPI). The use of HCF is highly advantageous thanks
to the significantly lower thermal drift of the frequency compared to the SMF (110 MHz/°C
in NANF vs 1.6 GHz/°C in SMF). The FPI in this paper was constructed using a slight
modification of our coupling method where, instead of ARC on MFA, we deposited a highly
reflective coating (over 98%) which forms the two mirrors of the cavity. Two interconnected
samples were prepared using 5- and 23- m-long NANF with resulting finesse of 154 and
130 and with transmission peaks of 47 kHz and 50 kHz, respectively.
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Long-Length and Thermally Stable High-Finesse
Fabry-Perot Interferometers Made of Hollow Core
Optical Fiber

Meng Ding ¥, Matéj Komanec

Thomas D. Bradley *“, Francesco Poletti
and Radan Slavik

Abstract—We made and characterized two Fabry-Perot inter-
ferometer samples made of the latest-generation hollow core fiber
with sub-1-dB/km loss. Thanks to this low transmission loss, we
achieved a finesse of over 140 and 120, for interferometer lengths
of 5 and 23 m, respectively. This resulted in transmission peaks
as narrow as 47 kHz. Our all-fiber Fabry-Perot interferometers
have standard single-mode fiber pigtails (for easy integration in
conventional fiber optic systems) and employ fiber mode field
adapters to enable low-loss coupling between the pigtails and the
low-loss hollow core fiber. The high-reflectivity mirrors (>98%)
were deposited directly on the fiber mode field adapters, which were
glued to the hollow core fiber, resulting in permanently-aligned
Fabry-Perot interferometers. We also measured how the position
of the transmission peaks change with temperature (an important
performance metrics for most applications, e.g., when used as a
narrow-band band-pass filter) and found that it changed 14.5 times
less in our Fabry-Perot interferometer relative to a similar device
made of standard single mode fiber.

Index Terms—Fabry-Perot, optical fiber applications, optical
fiber devices.

1. INTRODUCTION

ABRY-PEROT interferometers (FPs) have many unique
properties including high wavelength selectivity, high ex-
tinction ratios, the capability to enhance light intensity, etc. Their
applications include, amongst others: lasers [1]-[3], metrology
[4], [5] and sensing [6]—[8]. The full width at half maximum,
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FWHM of the transmission peaks is the key parameter of a
FP, as a narrower peak provide better capability to discriminate
frequency [6], of relevance, e.g., in reference cavities [2] or a
ultra-high resolution sensors [5]. Another important parameter
is the free spectral range (FSR), which is the spacing between
neighboring transmission peaks and which is inversely propor-
tional to the FPs optical length nL, where n is the refractive
index and L is the length. The finesse (F) is then defined as the
ratio FSR/FWHM. A small FWHM can be achieved with a high
finesse or small FSR (or both). In free-space FPs (made, e.g., by
drilling a hole in a low-expansion glass rod and then attaching
high reflectivity mirrors at both ends [4]), L is usually limited by
practical constraints to less than 50 cm, limiting the achievable
FSR. Thus, if a small FWHM is desired, ultra-high finesse
(sometimes >10°) is needed, making such FPs highly sensi-
tive to alignment. Thus, an alternative implementation using
single-mode fiber FPs (SMF-FPs) has been widely investigated.
SMF-FPs can have long lengths (e.g., 100’s of meters) and
can be very compact and lightweight. Although the finesse of
SMF-FPs [7], [8] does not reach that achievable in free-space
FPs (due to the fiber transmission loss), their small FSR enables
narrow transmission peaks similar to those of short, high-finesse
free-space FPs. Unfortunately, SMF-FPs have several draw-
backs that make free-space FPs the preferred approach for many
applications, despite free-space FPs larger size and the alignment
challenges. The two primary drawbacks are the large sensitivity
to temperature variations [8] and unwanted nonlinear effects
like stimulated Brillion scattering (SBS) [9], especially in high-
finesse FPs where the intra-cavity power is strongly enhanced by
the resonant effect. Both of these parasitic effects are mainly due
to the interaction of light with the silica glass material in SMFs.
For example, the thermal sensitivity of the FSR (determined
by the temperature dependence of the optical length nL of the
SMF) is dominated (95%) by thermally-induced changes in the
n of silica glass (thermo-optic effect) with the thermally-induced
fiber length (thermal expansion effect) change providing the
other 5% [10].

Hollow core fibers (HCFs) in which the glass-light interaction
is very weak should address shortcomings discussed above.
Firstly, the thermo-optic effect is practically eliminated, making
HCF 20 times less thermally sensitive than SMF of equal L
[10]. When considering equal optical length nL, this advantage

0733-8724 © 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
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is reduced (as n~1 in HCF compared to n~1.45 in SMF) to
about 14 times [11], [12]. Nonlinearities are also substantially
weaker in HCF as compared to SMF, enabling several orders
of magnitude higher powers to be launched into HCF-FPs as
compared to SMF-FPs [1].

Several recent works have reported high-finesse HCF-FPs.
The cavity mirrors were formed using photonic crystal slabs [13]
or high-reflectivity dielectric coatings [14]. However, all these
reports dealt with cm-long fiber lengths limiting their use for
applications requiring narrow FWHM transmission peaks. Gen-
erally, they used 7-cell photonic bandgap HCF designs, which
offer good coupling into SMF, but whose high loss (>10 dB/km
[15]) does not allow the construction of high-finesse long-length
HCF-FPs (e.g., for 20-m long FP made with 10-dB/km fiber, the
fiber-loss-limited maximum achievable finesse is 68). Further-
more, the reported HCF-FPs were not designed for long-term
operation since their ends were not sealed, enabling air-born
pollution like water vapor and dust to enter the hollow core,
possibly causing long-term HCF-FP performance degradation.

Concerning ongoing efforts to reduce HCF loss, antireso-
nant type HCFs have recently witnessed tremendous progress
[16]-[18]. The most recent results obtained with the Nested
Antiresonant Node-less Fiber (NANF) geometry have broken
the 1-dB/km barrier (0.65 dB/km across a bandwidth of 120 nm
[18]). This has opened up a host of new application opportuni-
ties, including the possibility of making long length high-finesse
HCEF-FPs.

In this paper, we demonstrate and characterize two HCF-FPs
with lengths of 5 and 23 m, with finesse > 120 over a wavelength
range from 1530—-1565 nm, made using NANF with sub-1 dB/km
loss and pigtailed with SMF. These HCF-FPs are two orders of
magnitude longer than previously-demonstrated. We compare
their thermal stability with that of an SMF-FP, demonstrating
more than an order of magnitude better performance. Besides
improving the stability of fiber-based FPs, this also represents
the first demonstration of such low thermal sensitivity in antires-
onant HCFs; to date this has only been previously demonstrated
for photonic bandgap type HCFs.

II. FABRICATION OF HCF-FPs

The schematic of the pigtailed HCF-FP is shown in Fig. 1.
The HCF used is a NANF similar to the one reported in [18]
with a loss of 0.9 dB/km, operating in the 1550-nm wavelength
region. The HCF-FP is pigtailed with SMF. Because of the mode
mismatch between the fundamental mode of the HCF used (21
pm) and standard SMF (10 pm), a suitable piece of GRIN fiber
was inserted in between the two to enable mode field adaptation
[19]. The GRIN fiber was first fusion spliced to the SMF. Before
connecting it to the HCF, a FP mirror was deposited on its end-
face. We used a 13-layer Ta205/SiO2 dielectric coating-based
mirror with a reflectivity of >98% (from 1500-1570 nm). We
did not use fusion splicing to interconnect the mirrors to the HCF,
as this would destroy the mirror and could cause deformation
of the HCF microstructure. We also did not use mechanical
splice as shown in [14], since this approach does not allow
for active alignment of the angle between the NANF and the
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Mirror 1

Fig. 1. (a) Configuration of the pigtailed HCF-FP with a cross-sectional
scanning electron microscope (SEM) image of the HCF used. (b) Photograph of
the fully assembled SMF-GRIN-Mirror-HCF interconnection. FA: fiber array,
GRIN: Graded-index fiber based mode field adapter.

Broadband
ource | 1| PD
| ! @_ RF Spectrum I:I
| | Analyzer | =
| _HCF-FP _ | nalyz /[FEESSY
Fig.2. Set-up for characterization of FPs in the radio-frequency (RF) domain.

The broadband source is formed by two cascaded Erbium-doped fiber amplifiers
(EDFAs) with a tunable bandpass filter inserted in between them. PD: photode-
tector.

mirror, imposing inherent limitation to reproducibility as well
as the maximum achievable finesse. Instead, we used a modified
fiber-array technique (used industrially for fiber pigtailing of
planar lightwave circuits, PLCs) which we have refined for
low-loss interconnection (<0.3 dB/interconnection) between
HCFs and SMF [19]. Here, the SMF spliced to the GRIN is
first glued into a V-groove array, polished to the desired GRIN
fiber length, and afterwards, a coating is deposited on the end
facet (the mirror in the work presented here). Then the carefully
cleaved NANF is inserted into another fiber array V-groove and
glued in to that. The two fiber arrays are actively aligned (in
X, V, Z, pitch, and yaw) before gluing the fiber arrays together
(to obtain a permanent and sealed interconnection, which does
not allow any air-born pollutants to enter the hollow core cavity,
and thus ensures no degradation in the long-term performance).
A Photograph of a typical glued interconnection is shown in
Fig. 1b.

Since we target long length high-finesse FPs which have very
narrow transmission peaks, optical scanning method used, e.g.,
in [13] is not ideal for active cavity alignment prior to gluing.
This is because too many parameters are changing during the
alignment (FP peaks spectral position, insertion loss, polariza-
tion, etc.), making alignment tedious and slowly converging.
We found that in practice, the following two methods (for
coarse and fine alignments) allowed us to align the HCF-FP
cavity relatively quickly. For the coarse alignment, we optimized
transmitted optical power of the HCF-FP using a 10-nm wide
broadband incoherent light source and a photodetector. Once
maximum power has been reached, we analyzed the photode-
tected signal with a radio-frequency (RF) spectrum analyzer
observing RF beats (discussed in detail later) [20], Fig. 2. In the
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coarse method, the transmitted power is insensitive to HCF-FP
peaks spectral position and polarization state inside the FP. By
maximizing the transmitted power, coupling loss between the
HCF and the mirrors (i.e., how much light at the HCF output is
coupled back into it) is minimized, which in practice allows
for almost-optimum HCF-FP cavity alignment. The RF beat
analysis technique allowed us to measure FP finesse directly (as
we show below) enabling us to fine tune the FP. The signal shown
on the RF spectrum analyzer is proportional to the convolution
of the FP’s optical coefficient with its conjugate:

1

P : )]
(f) x o (&)281112 (FWSfR)

s

Here, f is the signal frequency shown on the RF spectrum
analyzer and F7 is:

™R F
T“20-R) 2 @
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where R = /Riv/Raa is the effective reflectivity of the inter-
ferometer with Ry o being the reflectivities of the mirrors, and
« the single-trip loss including the coupling loss between the
HCF and the mirrors (i.e., how much light at the HCF output
is coupled back into it) and fiber transmission loss. Although
Eq. (1) is identical in form to the expression for the FP’s optical
transmission transfer function [13] it is not the same since F, is
different to the finesse F'. For a high-finesse FP in which R~1, we
have derived that F' ~ 2F, based on the first order Taylor series
approximation. Thus, the FP’s RF spectrum has twice as large
peaks compared to the optical spectrum. In our experiment, data
from the RF spectrum analyzer were acquired with a computer,
where they were fitted with Eq. (1) in LABVIEW, enabling the
FSR and finesse to be output in real-time, allowing for active FP
alignment.

We made two HCF-FP samples using 5 and 23 m long HCFs.
When aligned (prior to gluing), their Finesses were 195 and 160,
respectively. After gluing using a UV-curable glue, we witnessed
a slight finesse reduction to 153 and 133, respectively. Although
we believe this may be improved by further refining the gluing
process, the high-finesse (>120) FPs obtained are robust and
have not degraded with time (we have not seen any degradation
in four months since gluing them).

The 23-m HCF-FP had a smaller finesse both before and after
the gluing as compared to the 5-m device. By considering the
HCF loss of 0.9 dB/km and mirror reflectivity of 98.6%, analysis
using Eqgs. (1, 2) suggests that it is due to the HCF’s transmission
loss.

III. CHARACTERIZATION

Following the fabrication, we characterized the FPs using
two techniques - besides the convenient, fast, and high-dynamic
range RF technique we have described; we also measured it
directly in the optical domain. We measured all of the important
parameters (insertion loss, birefringence, and dependence on the
wavelength). Finally, we measured the FPs’ thermal sensitivity.
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Fig. 3. Measured results for 5 m-HCF-FP (a, b) and 23 m HCF-FP (c, d).
Normalized RF power spectra around 500 mHz (a,c) and their details around
one peak (b, d). Solid black: measured, red dashed: fitted with Eq. (1).

A. Characterization in the RF Domain

The FP’s transmission spectra including information about
FSR and finesse were measured in RF domain using the method
described previously. Normalized RF power spectra showing
5 peaks around 500 MHz and normalized RF power spectra
showing one peak with fitted curves for the fabricated HCF-FPs
are shown in Fig. 3. The broadband source used for this mea-
surement had a 1 nm optical bandwidth (this narrow bandwidth
allowed us to perform spectrally-dependent characterization
shown later) with a central wavelength of 1550 nm (given by
the optical bandpass filter used in the source set-up, Fig. 2). The
small spikes at bottom of the RF power spectra are artefacts
originating from noise in the EDFA electronics. We saw them
in all our experiments. When fitting the experimental data with
Eq. (1), we used only data above —10 dB to avoid any contri-
bution from the measurement noise. Despite this, we achieved a
very good fit across the entire fitting range. The FSR and F were
28.1 MHz and 153 for the 5 m HCF-FP and 6.5 MHz and 133
for the 23 m HCF-FP.

Subsequently, we measured the RF spectrum of the HCF-FPs
over the entire C band (by tuning the wavelength of the 1-nm
bandwidth tunable bandpass filter, Fig. 2). The results of both
FPs are displayed in Fig. 4(a) (finesse) and Fig. 4(b) (FSR). The
finesse values range from 140 to 160 for the 5-m HCF-FP and
from 120 to 138 for the 23-m HCF-FP. Considering this mea-
surement data and their variation across the C-band, the effective
reflectivity (reflectivity that includes the coupling loss of light
from the HCF to the mirror and back and HCF transmission loss)
was calculated to be between 97.8% and 98.1% (5-m HCF-FP)
and 97.4% to 97.75% (23 m HCF-FP). The FSRs, Fig. 4(b)
slightly decrease with wavelength (by 150 Hz for 5-m HCF-FP
and 600 Hz for 23-m HCF-FP over the entire C-band). This
is due to the HCF chromatic dispersion, which we confirmed
by fitting the data in Fig. 4(b) and calculating HCF chromatic
dispersion from them, obtaining value of 2 ps/nm/km. This is
consistent with value expected for our NANF-type HCF [18]. It
is worth mentioning that this value of chromatic dispersion is 8
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Fig. 4. (a) Finesse and (b) FSR offset of the two HCF-FP samples measured
with the RF method every 5 nm across the C band.

LASER PC | _@)— 1 PD
OO0, | \
€2 | _HCF-FP_, &)

Oscilloscope

Fig. 5. Set-up to characterize the HCF-FPs in the optical domain. PC: polar-
ization controller; PD: photodetector.

times lower than SMF and thus our HCF-FP is expected to have
8 times smaller variation of its FSR as compared to SMF-FP.

B. Characterization in the Optical Domain

Further FP parameters such as insertion loss (FP transmission
loss at resonance) and polarization dependence are less straight-
forward to measure using the RF analysis technique. Thus, we
implemented a characterization technique operating directly in
the optical domain, Fig. 5.

We scanned the input light frequency of a narrow-linewidth
(<10 kHz) fiber laser (NP Photonics, 1556 nm) by applying a
sawtooth waveform on its RF port. The output was photodetected
and visualized on an oscilloscope. The laser RF port response
was calibrated to obtain the spectral characteristics of the FP
transfer.

Due to the birefringence of the HCF (caused by the fabricated
HCEF inner structure not being perfectly symmetric and by HCF
bending/coiling [21]), transmission peaks occur at two different
positions within one FSR period when varying the polarization
state of the launched light (via a polarization controller, Fig. 5). It
is worth mentioning that this phenomenon is also observed with
SME-FPs [22] in which a very small residual fiber birefringence
causes this splitting. The transmitted spectra for the two polar-
ization eigenstates of two HCF-FPs are displayed in Fig. 6. The
polarization peak spectral splitting was 15.1 and 2.42 MHz for
the 5 and 23 m HCF-FPs, respectively. If the two peaks for the
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Fig. 6. Measured optical transmission spectra along the two principal axes

of birefringence (Pol. 1, black and Pol. 2, grey solid) of (a) 5 m and (b) 23 m
HCEF-FPs. The insertion loss and polarization-induced spectral splitting are also
shown. The red and blue dashed lines are data fitted by the transmission function
of FP.

5 m HCF-FP were within the same FP resonance order (which
we have not confirmed yet), HCF phase birefringence would
have been 8 x 10~ with corresponding beat length of 20 m.

We measured the FP’s insertion loss to be 6.9 dB for the 5 m
HCF-FP, Fig. 6, with the fitted finesse of 166 and 154 for the two
polarization eigenstates, respectively. For the 23 m HCF-FP, the
FP insertion loss was 9.3 dB and the fitted finesse was 139 and
130 (corresponding to 3-dB transmission peak width of 47 and
50 kHz), respectively. The obtained finesses are consistent with
the RF method. Based on our theoretical analysis using Egs.
(1, 2), the FP insertion loss is mainly caused by the mirror loss
(~0.5% for the mirrors used). Replacing the current mirrors
with improved mirrors with a loss of 0.1% would reduce the
FPs insertion loss by ~3 dB. Furthermore, by improving the
gluing technique (i.e., no degradation of finesse during the gluing
process), we could further improve the FP insertion loss by
~2 dB for the two HCF-FPs.

C. Characterization of the Thermal Response

Thermal response here refers to how the transmission peaks
frequency shifts with temperature. We characterized the thermal
response of our 5 m HCF-FP using the set-up shown in Fig. 7.
For comparison purposes we placed the 5 m HCF-FP together
with a 3.6 m SMF-FP (which has the same optical length nL
as the 5 m HCF-FP) into the same thermal chamber. The light
source (NP Photonics used earlier, but here operated at fixed
wavelength) was split and launched simultaneously into both
FPs. PCs were used at both interferometer inputs to align the
input polarization to one of the two FPs’ eigenstates. The output
power of both FPs was monitored using two photodiodes.
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Fig. 8. Frequency shift of a selected transmission peak in the HCF-FP and a
SMF-FP (of equivalent optical length) as the temperature is increased.

From the results shown in Fig. 8 we see that the transmission
peak of the HCF-FP moved at a rate of 110 MHz/°C while in
the SMF-FP it moved by 1.6 GHz/°C. Thus, the temperature
sensitivity of HCF-FP is 14.5 times lower than that of SMF-
FP, which matches well with the theoretical prediction. This is
also the first demonstration of such a low sensitivity using an
antiresonant HCF.

IV. CONCLUSION

In conclusion, we fabricated 5-m and 23-m long HCF-FPs.
Our fully assembled permanent-connection based FPs have fi-
nesse >120 over the entire C band, which represents the first
demonstration of long length (>1 m) HCF-FPs with such a
high finesse. This was enabled by the combination of the latest-
generation of low-loss (sub-1dB/km) HCFs and the recently
developed technique for permanent, low loss, fusion-splice-less
sealed HCF interconnection with standard optical fibers. We
achieved a FP transmission peak width as narrow as 47 kHz
(with an equivalent time delay of 3.2 km). This is only a factor
of three wider than for state-of-the-art bulk FP cavities that
are typically 10 cm long and have a finesse in excess of 10°.
We also showed HCF-FPs to have 14.5 times lower thermal
sensitivity than SMF-FPs, which is due to the HCF’s low thermal
phase sensitivity. Our work represents the first demonstration
of this property for antiresonant type HCF. The performance
we demonstrate here, together with the expected high nonlinear
threshold [9], will be of interest in many applications in which
SME-FPs cannot be used and free-space FPs are impractical.
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4.5 Optical Fiber Delay Lines in Microwave
Photonics: Sensitivity to Temperature and Means
to Reduce it

Reference paper:

M. Ding, Z. Feng, D. Marpaung, X. Zhang, M. Komanec, D. Suslov, D. Dousek, S. Zvanovec,
E.R. Numkam Fokoua, T. Bradley, F. Poletti, D.J. Richardson, R. Slavik, “Optical Fiber
Delay Lines in Microwave Photonics: Sensitivity to Temperature and Means to Reduce it“
IEEE /| OSA Journal of Lightwave Technology, 2021, 39, 2311-2318.

Relevance to the thesis:

We take a look at further application of HCFs and how our interconnection technique can
enable its practical use. In this paper optical fiber based delay lines for use in microwave
photonics are examined and compared. We demonstrate that the most thermally stable
delay line is created using HCF, which is constructed using our interconnection technique.
NANTF based delay line shows the thermal sensitivity of only 0.5 ppm/K, as compared to
8 ppm/K in typical single-mode fiber.
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Optical fiber delay lines in microwave
photonics: sensitivity to temperature and
means to reduce it

Meng Ding, Zitong Feng, David Marpaung, Xi Zhang, Maté&j Komanec, Dmytro Suslov, Daniel
Dousek, Stanislav Zvanovec, Eric R. Numkam Fokoua, Thomas D. Bradley, Francesco Poletti, David
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Abstract— One of the key functionalities in microwave
photonics is to be able to define controllable time delays during the
signal processing. Optical fibers are often used to achieve this
functionality, especially when a long delay or a widely-tunable
delay is needed. However, the stability of this delay in the presence
of environmental changes (e.g., temperature) has not, to the best
of our knowledge, been reviewed yet. Here, we firstly discuss the
impact of temperature-induced variations on the signal
propagation time in optical fibers and its implications in
microwave photonics. We compare the impact of the thermal
sensitivity of various delay lines for applications in which the
signal is transported from point A to point B, as well as for
applications in which the propagation time through a fiber or the
fiber dispersion is used to create a fixed or tunable delay. In the
second part of the paper we show the impact of fiber thermal
sensitivity on a narrow-band microwave photonics filter made of
standard single mode fiber (SSMF) and a hollow core fiber (HCF),
which has significantly lower thermal sensitivity of propagation
time to temperature. The central frequency of the band-pass filter
changes almost 16 times more in the filter made of SSMF as
compared to that of HCF, dictating very tight (0.05°C)
temperature stabilization for SSMF- based filters. On the basis of
our thermal sensitivity analysis we conclude that HCFs are very
promising for environmentally stable microwave photonics
applications.

Index Terms—Mlicrowave Photonics, Microwave filters, Optical
fiber applications, Fabry-Perot

. INTRODUCTION

icrowave photonics uses optical devices and techniques

for advanced processing and transport of radio frequency
(RF) signals. Although integrated microwave photonics is
compelling due to advantages such as small size and
compactness, optical fibers still play a key role due to their
ultralow loss (particularly relevant for long distances). One of
the key microwave photonics requirements is to be able to set a
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Meng Ding, Zitong Feng, Eric R. Numkam Fokoua, Xi Zhang, Thomas D.
Bradley, Francesco Poletti, David J. Richardson, and Radan Slavik are with the

a controllable delay of the signal being processed [1]. Defining
a fixed delay is straightforwardly realized with minimum loss
or signal distortion via signal propagation through a length of
an integrated optics waveguide or an optical fiber. Some
microwave photonics applications, however, require a tunable
delay line, which is more challenging to implement. Quasi-
tunable delay lines have been implemented, e.g., using a set of
fiber lengths and switches with a fixed wavelength laser, Fig.
1(a) [1], while a continuously tunable delay line can be
achieved, e.g., with a dispersive fiber and a tunable laser source,
Fig. 1(b) [2].
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Fig. 1 Principle of tunable delay lines based on (a) switched fiber lengths with
a fixed laser wavelength, and (b) a dispersive delay line with tunable laser
source. D: delay; PD: photodetector; TLS, tunable laser source.

Delay lines in microwave photonics are often used to
construct filters in finite input response (FIR) configurations [2],
whose schematic is shown in Fig. 2 (a). By combining several
(at least two) replicas of the original signal (delayed with
respect to each other using delay lines) with adjusted
amplitudes and phases, a filtering functionality is achieved.
Indeed, infinite impulse response (IIR) configurations [2] that
use output signal (after an appropriate delay) fed back into the
input are also used, Fig. 2 (b). When combined with gain, such
feedback structures can also be made to oscillate, forming an
optoelectronic oscillator (OEO) [3]. Fig. 2(c) shows a
schematic of a simple OEO. As its noise properties are directly
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related to the magnitude of the delay introduced in the feedback
loop [3], a long delay (e.g., created in km-length fibers) is often
used.

For stable operation of microwave photonics filters and other
related devices such as OEQs, the delay introduced by a delay
line should be stable with temperature. Even when using optical
fibers for transport of the microwave signal (such as clock
distribution [4], 5G networks [5], or radio astronomy [6]),
changes in the RF signal phase due to temperature are of
importance. However, the topic of this thermal stability has not,
to the best of our knowledge, been comprehensively discussed
in the literature in the field of microwave photonics yet.

In this paper, we first carry out a comprehensive comparison
of fiber-based microwave photonics delay lines in terms of their
thermal stability. We introduce the key effects that influence the
thermal stability and quantify their contribution, allowing for
comprehension of the topic as well as enabling microwave
photonics engineers to design their systems taking the thermal
stability into account. For example, using a dispersion
compensating fiber instead of a standard optical fiber in the
dispersive tunable delay line, up to 6 times lower sensitivity to
temperature can be obtained.In the second part, we demonstrate
our thermal sensitivity analysis on an IR microwave photonics
filter based on an all-fiber Fabry-Perot etalon made of standard
fiber as well as novel hollow core optical fiber (the microwave
photonics filter based on hollow core fibre (HCF) is
demonstrated for the first time here). Thanks to the significantly
better thermal stability of the HCF as compared to standard
single mode fiber (SSMF), the developed HCF based
microwave filter has a more than ten times better central
frequency stability. We show this is of key importance in ultra-
narrow pass-band filters (180 kHz in our filter, measured up to
a central frequency of 40 GHz) and how this scales with the
operational frequency.

(a) RF In
Laser V

Nx1

Modulator an1  (N-1)D
CO0>

(b) RF In ORFt
Laser v pp N
LI
Modulator Coupler
(c) Laser Modulator D PD
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| |
' RF Amplifier |
RF : )
RF Out <-- ---+ Filter j---- -
Coupler

Fig. 2 Schematic of a FIR (a) and IIR (b) microwave photonics filters [2] and
a simple OEO (c).
Il. FIBERS’ THERMAL SENSITIVITY

There are several key configurations (Section II1) used to
generate delays in microwave photonics using optical fibers.
Before analyzing their thermal sensitivities, we need to know
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the relevant thermal sensitivity properties of the optical fibers
used and in particular of their propagation time and chromatic
dispersion.

A. Fiber delay

The propagation time t of a microwave photonics signal
propagating through a length L of an optical fiber or a
waveguide is given by:

_nL
2-delay_T‘ (1)

where ng in the group refractive index of the propagating
medium and c is the speed of light in vacuum. When
temperature T changes, two effects contribute to the time delay
change: the fiber elongation with temperature (thermal
expansion) and the change of propagation speed with
temperature [7]. The change of time delay due to the
temperature change per unit length is characterized by the
thermal coefficient of delay (TCD). For an SSMF, which is
made of fused silica, the TCD is about 40 ps/km/K to which the
change of propagation speed with temperature contributes
about 95% [7]. The thermal expansion contribution is very
small thanks to the extremely low thermal expansion coefficient
(SL = 5x107 /K [8]) of silica glass, contributing about 2
ps/km/K [7]. For applications where the TCD of SSMF is too
high, fibers with a specialty coating were developed [9] known
as phase stable optical fiber (PSOF), reducing the TCD down
to 3.7 ps/km/K.

Another approach is to use HCF in which light propagates
through a central hole, eliminating the contribution of thermal
induced propagation speed change, reducing the TCD to 2
ps/km/K, limited by the thermally-induced fiber elongation.
This advantage has already been demonstrated in microwave
photonics, resulting in the demonstration of an OEO with 16
times smaller sensitivity of the oscillating frequency to
temperature as compared to an OEO made with SSMFs [10].
By careful design, HCFs can even be achieved with a TCD
close to 0 ps/km/K [11] and an OEO with >100 times better
thermal stability than SSMF has been reported using such a
design [12]. Besides lower TCD, HCFs have other advantages
over SSMFs relevant for microwave photonics, e.g., low
nonlinearity in combination with low chromatic dispersion [13].
The key limitation to using HCF in microwave photonics
applications had been up to recently transmission loss, which
used to be significantly higher compared to SSMF. However,
with the development of the latest generation of hollow core
fibers: nested antiresonant nodeless fibers (NANFs) [14]-[17],
attenuation levels of 0.28 dB/km have recently been achieved
[17] and one can expect it to become even lower in the near
future. NANF is therefore expected to be an ideal candidate for
delay lines designed for microwave photonic and should open
new device opportunities. However, to date, the use of NANF
has not been demonstrated in any microwave photonics
application to the best of our knowledge.

B. Chromatic dispersion

The chromatic dispersion of an optical fiber is given by the
sum of material and waveguide dispersions [18]. For weakly-
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guiding fibers like SSMFs or typical dispersion compensation
fibers (DCFs), the chromatic dispersion can be approximated
by the three term Sellmeier equation [18], [19]:

D(i):%[i—%)

where o is the zero dispersion wavelength and So is the
dispersion slope at the zerodispersion wavelength. The
chromatic dispersion of SSMF and a typical DCF at C band
obtained using Eq. (2) and fiber data from [20] and [21] are both
plotted in Fig. 3. The temperature sensitivity of chromatic
dispersion can be obtained by differentiating Eq. (2) with
respect to temperature T:

0]

dD_D dS, S, di,

@)

We then used Eq. (3) to calculate the chromatic dispersion of
SSMF with a temperature increase of 100 K by using data from
[20] (fiber Type Al in [20]) and show it in Fig. 3._As concerns
DCF, only the parameters relevant to the zero dispersion
wavelength have been published so far (e.g., in [21]), which
allows us to calculate the second term in Eq. (3), but not the
first one. To allow us to illustrate the DCF’s thermal sensitivity,
we made an assumption that the first term in Eqg. (3)
(proportional to the change of Sp) is negligible as compared to
the second one (proportional to the change of Ao). We consider
it a reasonable assumption, as for SSMF, the first term in Eq.
(3) typically contributes to only 5-9% of the overall thermal
sensitivity in the C-band [21]. Although it may have a larger
contribution for the DCF, it is unlikely to be a dominant term.
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Fig. 3 Chromatic dispersion of SSMF (thin black) and DCF (thick blue, at room
temperature calculated with Eq. (2) and data from [20], [21]. Chromatic
disperiosn at temperature 100 K higher for SSMF was calculated with Eq. (3)
and data from [20] (thin black dashed) and DCF calculated from the second
term of Eq. (3) and data from [21] (thick blue dashed).

In Fig. 3 we see that over a limited bandwidth (e.g., C-band
in Fig. 3) the dispersion curve is mainly red-shifted when the
temperature is increased. Although this observation has been
done with DCF characteristics that are approximate (as
discussed earlier), it is in line with [21] and [22], where for all
studied fiber types (including SSMF and DCF), the dispersion
thermal sensitivity was considered to be:

dD(2)

d,
dT S

dT )

I

where D()) is the chromatic dispersion of interest and S() is
the dispersion slope at that wavelength. As dio/dT is almost
constant for any fiber type (dio/dT = (0.02-0.03) nm/K [20]-
[24]), dD(A)/dT depends predominantly on the dispersion slope
S(A), as follows from Eq.(4).

For SSMF, chromatic dispersion and its thermal sensitivity
are 17 ps/nm/km (at 1550 nm) and -1.5 fs/nm/km/K. For DCF,
the chromatic dispersion ranges from -30 to -300 ps/nm/km [25]
and dD(2)/dT is between 0.9 and 4 fs/nm/km/K [21] for A~1550
nm. Photonic crystal fiber (PCF) generally provides larger
dispersion, e.g., -700 ps/nm/km [26], but also has a larger
dispersion slope S(1) (as compared to DCF), making its dD/dT
relatively large, e.g., data from [26] leads to dD/dT ~ 1.6
ps/nm/km/K.

The key properties of optical fibers relevant for microwave
photonics delay lines and their thermal behavior are
summarized in Table 1.

Table 1 Summary of discussed properties of opitcla fibers.

Silica-core fibers Hollow-core
SSMF | PSOF | DCF |PCF | PBGF | NANF
TCD, 40 |37 2.2
pskm/K | 171 | 191 op | 1703
Loss, 0.2 0.4 1.7 0.28
dB/km : [27] 28] | [17]
Disp., -30
ps/nI:n/km 17 0 [72%? 0-100 | 2-6
-300
Disp. 0.9
thermal -1.5 té 4 1600
sensitivity, | [20] 21] [26]
fs/nm/km/K

*SSMF: Standard single-mode fiber, PSOF: Phase-stable
optical fiber, DCF: Dispersion-compensating fiber; PCF:
Photonic crystal fiber, PBGF: Photonic bandgap fiber, NANF:
Nested antiresonant nodeless fiber. All of these data are given
in the C band.

I1l. OPTICAL MICROWAVE PHOTONICS DELAY LINES AND
THEIR THERMAL SENSITIVITY

Here, we divide the key configurations to generate delay in
microwave photonics into three main categories that we discuss
in the following text: (i) Fiber delay, (ii) Delay via fiber
chromatic dispersion, and (iii) Delay with chirped fiber Bragg
gratings (CFBG).

In the literature, there are two main concepts used to
characterize the thermal properties of optical fibers. The first
one normalizes time delay changes to the fiber length as
characterized by the TCD (used, e.g., [9]) and is appropriate for
applications in which fiber is used to transport a signal from
point A to point B (e.g., to synchronize telescopes in radio
astronomy [6]). Fiber properties relevant to these applications
are summarized in Tab. 1. The other uses normalization to unit
delay (1 s). For delay lines that serve to delay a signal,
normalization to delay is more appropriate:
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To distinguish between the normalization to length and delay,

we use the relative unit (ppm/K) for the normalization to delay

(as opposed to the ps/km/K we use for normalization to the

length). In the previous section (Section II), we have already

compared delay lines in terms of TCD. Here, we will discuss
comparison in terms of S..

A. Fiber Delay

The thermal sensitivity normalized to unit delay S. can be
obtained from Eqgs. (1) and (5) as:

dn
Srzi_g+ld_L:Sn+SL_ (6)
n, dT  LdT

The first term describes the sensitivity of fiber group index to
temperature, the second the thermally-induced expansion.

The thermal sensitivities S of SSMF delay lines can be
caculated from the TCD published in [9] to be around 8 ppm/K.
A PSOF-based delay line was reported to have S: of 1.4 ppm/K
[29]. HCF-based delay lines have been measured to have S.of
0.6 ppm/K using PBGF [10] and values as low as -0.08 ppm/K
have been achieved when operating the PBGF close to its zero
thermal sensitivity wavelength [12]. NANF has been
demonstrated to achieve 0.5 ppm/K [13].

B. Delay via fiber Chromatic Dispersion

Fig. 1(b) shows a simple schematic of a tunable dispersive
fiber delay line, it’s temperature sensitivity is essentially similar
to that of a simple fiber delay line, Fig. 1 (a) analyzed in the
previous section. However, the dispersive tunable delay line is
often used in FIR filters in which signals generated by several
lasers emitting at different wavelengths propagate through the
same fiber and it is only the difference in their propagation
times that is of importance. Fig. 4 shows a simple schematic of
such a filter using two lasers with a wavelength separation of
A Signals from both lasers are modulated by an RF signal and
then the RF modulated signals at two wavelengths share the
same fiber, where they experience different time delays due to
the chromatic dispersion. The difference in the time delay
experienced by the two lasers = can be expressed as:

Ty =LDAA | @)

Here, D indicates the fiber’s chromatic dispersion. Since we are
interested how the delay (tuned to the desired value) changes
with temperature, we consider fixed wavelength separation here,
leading to:

——4+=—=S +S . 8
° DdT LdT ° t ®

The first term is the normalized thermally induced change of
dispersion and dD/dT is exactly the thermal sensitivity of
dispersion as discussed in section IIB. Its value for all the
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considered fiber types (SSMF: -88 ppm/K at 1550 nm; DCF: -
20to -80 ppm/K, and PCF: -2800 ppm/K) is significantly higher
than the second term that represents thermally-induced
elongation (0.5 ppm/K).

Ao RFIn RF Out
v } Dispersive Fiber \ pp A
Ao TAL }\ oo /j E_J
Modulator =TT

Fig. 4 Schematic of a two-tap tunable filter using a dispersive fiber structure
with two lasers.

For SSMF, a tunable delay of up to 4.2 ns was demonstrated
using 46 km of fiber within 5.4 nm range[2], while DCF with
its significantly larger dispersion than SSMF (up to -300
ps/nm/km [25]), allowed a delay of up to 4 ns in only 1 km of
fiber to be achieved with 40 nm wavelength tuning range[30].
PCFs were demonstrated to offer dispersion values of up to -
700 ps/nm/km, enabling 60 ps tuning using just 10 m of fiber
[31].

The length of the fiber is limited by its loss and there are other
practical considerations such as cost, volume and weight. We
add to this list also thermal sensitivity, which, as we mentioned
earlier, is lowest with DCF, followed by SSMF, with the worst
performance obtained with PCF.

C. Delay via Chirped Fiber Bragg Gratings

Dispersive fiber from the previous sub-section can be
substituted with a CFBG, which can have a large chromatic
dispersion when operated in reflection, [32], [33]. The time
delay difference between two lasers separated by Al
approximates as:

NI
Tehirp ~ E'AA

chirp

LDAA
_I_ S —

A =Dy | 1+ DALT A2 (9)
0, AA n

chirp eff

where AAchirp and L are the period change and the length of the
CFBG respectively, and Dechirg=L/(C'AAchirp) is the CFBG
chromatic dispersion that does not take into account the fiber
chromatic dispersion. ne is the average effective refractive
index of a CFBG. Since L and AAcnirp change at the same rate
with temperature (for consistency with the previous analysis,
we consider a uniform temperature change along the CFBG),
Dehirp does not change with temperature. Consequently, the only
parameters that change with temperature are fiber chromatic
dispersion and refractive index:

d Tchirp _ CDchirp D (Al)z id_D — i dneﬁ (10)
aT Ny DdT ny dT

Considering a CFBG with a Denirp = 250 ps/nm inscribed in
SSMF as an example and A4 =20 nm, drehirp/dT = -4x1075 ps/K,
equating to a thermal sensitivity S:of 0.008 ppm/K, which is
almost negligible.

However, real CFBGs exhibits ripples in the group delay [34],
[35] due to fabrication imperfections. These ripples are
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essentially time delay deviations from the ideal CFBG response.

Consequently, the time delay changes significantly with
temperature. The amplitude of the group delay ripples is
typically independent of the CFBG parameters and is around 10
ps [34] (but this can be reduced to 1 ps by careful apodization
[36]). As temperature changes, the delay of both signals
(separated by AA) can change by up to +10 ps for a typical
CFBG and #lps for the lowest-reported ripple CFBG,
generating up to 20 ps and 2ps peak-to-peak delay variations in
Tehip respectively. As this variation does not change linearly
with temperature (depends on the ripple period, grating chirp,
etc.) we cannot define its sensitivity S. and can only give the
peak-to-peak variations.

D. Summary

We have discussed various microwave photonics fiber delay
lines. Table 2 summarizes the results. Although we do not cover

all the microwave photonics delay line implementations, their
thermal sensitivities can generally be calculated from the
parameters and configurations described above.

For delay generated by signal propagation in an optical fiber,
HCFs are the least sensitive to temperature variations. For
delays generated via chromatic dispersion, a DCF based delay
line is several times less thermally sensitive than a SSMF based
delay line. PCF is by far the most temperature sensitive. When
using a CFBG, particular attention should be paid to the group
delay ripples, which determine the delay variations with
temperature and even for extremely low levels of group delay
ripple (1 ps) can produce a significant sensitivity to temperature.
The key parameters of the delay lines just discussed in terms of
S: are summarized in Table 2.

Table 2 Optical delay-lines summary

Name Maximum time delay* St (ppm/K)
. SSMF 100 us | L=56 km [1] ~8
Solid- fib
otd-core Hbet PSOF 1 s L=0.5km [32] =y
Fi . -
iber delay lines PBGF 33 us 11 km [38] 0.6
HCFs 3 us L=1km [12] 0
NANF 1 us L=1.7km][17] 0.5
SSMF 10 ns D =17 ps/nm/km -88
Diastie oy Gdby DCF 1 ns D = -300 ps/nm/km [25] | -18~-80
lines PCF 10 ps D = -700 ps/nm/km [31] | -2800
o Delay variations of
CFBG 1 ns Dchirp = 2500 ps/nm [39] 10 ps

*Maximum delay limited by maximum fiber length L or chromatic dispersion (D or Dchirp).

IVV. NOVEL HOLLOW CORE FIBER MICROWAVE FILTER AND
ITS TEMPERATURE SENSITIVITY

In this section, we show an example of a microwave
photonics filter in which the thermal stability of the fiber used
is important. We fabricate the same filter using SSMF as well
as HCF and compare their performance, showing that the
SSMF-based filter embodiment would only operate reliably
with high-precision temperature stabilization, increasing its
cost, size, and power consumption.

A. Set-up

The core of our filter consists of an alignment-free all-fiber
Fabry-Perot (FP) etalon made of 5-m of NANF, which has been
reported in detail in [13]) or a 3.6-m long FC/PC-connectorized
SSMF with mirrors directly-deposited on the FC/PC connector
end-facets [40]. Due to the refractive index (n) difference (~1
for HCF and ~1.45 for SSMF), the optical length (nL) of the
two FP etalons is nominally identical, allowing for a fair
comparison. The cross-sectional electron microscope (SEM)
image of the HCF we used (NANF design, with similar
parameters to that used in [16]), is shown in Fig. 5.

Fig. 5 The cross-sectional electron microscope (SEM) image of the NANF
used in our FP etalon.

The schematic of our microwave photonics filter (we refer to
it later simply as a “filter’) is shown in Fig. 6. A signal from a
continuous-wave fiber laser (Rock from NP Photonics) with an
output power of 16 dBm passes through a 40-GHz bandwidth
Mach-Zehnder modulator (MZM), which generates two
sidebands at the frequency of the RF input signal. After passing
through a polarization controller (PC), the signal is injected into
the FP. The laser central frequency is set (we explain later how
we set this) to be resonant with the FP, i.e., to have minimum
transmission loss. Both sidebands experience the same
transmission loss — i.e., both are transmitted (when the RF
signal frequency is a multiple of the FP spectral period) or both
are equally attenuated. Thus, the FP output signal is amplitude-
modulated with a modulation depth dependent on the RF signal
frequency. The output signal from the FP is photodetected and
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then divided into two parts. One of them is the output RF signal
and is received by a vector network analyzer (VNA) to measure
the amplitude and phase response of the FP. The other one is
used for the laser wavelength locking to a transmission peak of
the FP etalon via a feedback loop consisting of a lock-in
amplifier, proportional-integral (PI) controller, and a piezo-
stretcher that controls the wavelength of the Rock fiber laser.
Fig. 7 shows the transmission signal and error signal before and
after turning on the locking loop.

Fig. 6 Experimental set-up.FL: fiber laser; PZS: piezo-stretcher; MZM: Mach-
Zehnder modulator; PC: Polarization controller; PD: photodiode; VNA: Vector
network analyzer; PI: proportional-integral controller.

0.20
So0.15 Transmission signal i
$0.10 Locking start  (FP Peak)
[o]
g 0.05 »

0.00 Error signal

-0.05 ! ! ! !

0 2 4 6 8 10
Time (s)

Fig. 7 Transmission signal and error signal before and after the laser
wavelength has been locked to a transmission peak of the FP etalon.

B. Filter transmission characteristics

For the sake of space, we show here only the filtering
characteristics for the HCF-based filter, as the filter
characteristics for SSMF-based filter were very similar.

The filter has a periodic transfer function with period of
28.1 MHz (given by the FP length of 5 m), shown in Fig. 8 at
RF frequencies close to 10 GHz, 20 GHz and 40 GHz.

Details of the amplitude S21 response together with the phase
response are shown in Fig. 9. The 3 dB passband width is
183 kHz and the phase response has the expected r jump at the
transmission peak.

C. Filter temperature sensitivity

We placed the two FP etalons (based on HCF and SSMF,
respectively) into the same thermal chamber. Firstly, we
stabilized the temperature and measured the filters’
characteristics at frequencies of 10 GHz, 20 GHz and 40 GHz.
Subsequently, we increased the temperature by 1 ‘C and
repeated the measurement, as shown in Fig. 10. The filter
transmission peaks shifted in frequency. This shift was about
16 times larger for the SSMF-based filter than for HCF-based
filter. As expected, the shift also depends linearly on the central
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frequency: i.e., the shift at 40 GHz is 4 times larger than at 10
GHz).

10.00 10.02 10.04 10.06 10.08 10.10
-
[a]
°
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N T L 1
n 20.00 20.02 20.04 20.06 20.08 20.10
-20}F (C)
40N
40.00 40.02 40.04 40.06 40.08 40.10

RF frequency (GHz)

Fig. 8 Amplitude transfer characteristics of the HCF-based filter at 10 GHz
(a), 20 GHz (b), and 40 GHz (c) over spans of 100 MHz.
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N
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2
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-2

5 0 5
RF Frequency difference from 40 GHz (MHz)
Fig. 9 Detailed amplitude and phase responses of the hollow core fiber based
filter around 40 GHz RF frequency.

To extract temperature sensitivity data with good accuracy
and to confirm the shift in filter transmission characteristics is
linear with temperature, we kept increasing the temperature in
1 K steps and measured the position of the transmission peaks.
The filters transmission peak shifts (at 40 GHz, where the
change is the largest) are shown in Fig. 11. For SSMF-based
filter, the transmission characteristics shift at a rate of 334
kHz/K while for the HCF-based filter the rate is only 21 kHz/K
—a value almost 16 times lower as would be expected.

We also measured the filters characteristics when subject to our air-
conditioned lab environment (temperature variations of about 1 K due
to the air-conditioning turning on and off). Within about an hour, the
frequency variations for the SSMF based filter were up to 480 kHz (at
40 GHz), while for the HCF-based filter, they were less than 30 kHz,
see Fig. 12.
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Fig. 10 Transmission characteristics measured at 25 ‘C (solid) and 26 'C
(dashed) for SSMF-based filter (a-c, red) and HCF-based filter (d-f, green)
measured at 10 GHz (a, d), 20 GHz (b, €), and 40 GHz (c,f).
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Fig. 11 Filter characteristics frequency shift at 40 GHz over 10 K temperature
change for HCF-based filter (dashed, red) and SSMF-based filter (solid, green).
FS: Frequency Shift of RF signal
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Fig. 12 Temperature variations AT in the laboratory and measured

transmission peak frequency variations Af for HCF (solid, green) and SSMF
based (dashed, red) filters when subject to laboratory environment over 1 hour.

D. Discussion

The results presented in Fig. 12 show that the SSMF-based
bandpass filter operating at 40 GHz changes its central frequency (by
up to 480 kHz) by more than is its bandwidth (3-dB bandwidth of 183
kHz), even in atemperature-controlled laboratory environment. On the
other hand, an HCF-based filter allows for accurate operation without
any further environmental stabilization.

To ensure that the central filter frequency does not change by more
than 10% of its 3-dB bandwidth, the SSMF based filter (temperature
shift of 334 kHz/K, Fig. 11) requires temperature stabilization better
than 0.05 °C, which is rather impractical. On the other hand, the HCF
based filter (21 kHz/K, Fig. 11) requires temperature stabilization of
just 0.9 °C, easily achievable with simple temperature control. These
requirements could be relaxed if the filter is operated at a lower
frequency (e.g., at 10 GHz, four times larger temperature variations are
acceptable), or with a larger bandwidth. However, if a lower
bandwidth is targeted (e.g., in our recent work, we presented a FP fiber
etalon with 10 times narrower transmission peaks [41] than presented

here), the temperature stabilization needs to be improved, rendering a
filter made of SSMF unstable and needing impractical mK-level
temperature stabilization.

From the temperature-induced shifts given earlier (334 kHz/K and
21 kHz/K, Fig. 11), the thermal sensitivity of the used fibers (NANF
hollow core fiber and SSMF) can be calculated by:

df _, /dT
S,=——°fk/ . (11)

peak

Here, feeax indicates the measured central frequency of the filter.
From our data and Eq. (11) we calculated a thermal sensitivity of 8.4
ppm/K (SSMF) and 0.5 ppm/K (NANF), which agrees well with the
previously-published data summarized in Table 2.

V. CONCLUSIONS

In this paper, we reviewed different configurations of optical
fiber-based delay lines for microwave photonics in terms of
their thermal sensitivity. The thermal sensitivity of point-to-
point delay lines is best characterized by the Thermal
Coefficient of Delay (TCD), which is normalized to the delay
line length. Key parameters of delay lines using different
optical fibers are summarized in Tab. 1, suggesting hollow core
fiber (HCF) performs the best, having a TCD of as little as 2
ps/km/K.

For comparison of delay lines used primarily to create a delay,
we normalize their thermal sensitivity to unit delay. There are
two main configurations of such fiber-based photonic delay
lines: based on propagation through a length of a fiber or
propagation through a dispersive fiber or a chirped fiber Bragg
grating (CFBG). The key results are summarized in Tab. 2. For
simple propagation through a length of a fiber, HCF performs
the best (thermal sensitivity of 0.5 ppm/K), For the dispersive
delay line, devices based on dispersion compensating fiber
(DCF) have the smallest thermal sensitivity (-18~-80 ppm/K).
The thermal stability of a CBGF is limited by its group delay
ripple, which even when strongly reduced by tight CFBG
apodization is typically still at the 1-ps level.

To demonstrate the importance of the fiber thermal
sensitivity in microwave photonics, we built two narrow-band
IR filters based on all-fiber Fabry-Perot etalons. The first one
was made of a standard single mode fiber (SSMF), while the
other one was made of low-thermally-sensitive HCF.
Compared to SSMF-based filters, the HCF-based filter changes
its central frequency almost 16 times less with temperature. As
a result, the HCF-based filter is stable under laboratory
conditions, and in real world applications would require only
simple temperature control, while a SSMF-based filter would
require impractically accurate/tight temperature control levels
of 0.05 °C.

The experiments we have presented represent the first
demonstration of the latest generation of HCF (which was
recently demonstrated to enable a loss as low as 0.28 dB/km) in
microwave photonics. Besides the low thermal sensitivity and
a loss approaching that of SSMF, HCFs also exhibit a high
nonlinear threshold, making them a very promising technology
for the realization of delay lines in microwave photonics.
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‘ Conclusion

CHAPTER

In this work I have presented an efficient coupling method leading to a novel SMF and
PCF interconnection. This method is based on precise mode-field adaptation, low higher-
order mode excitation and allows Fresnel losses that occur at the glass-air interface to
be addressed using anti-reflective coatings. The result is a record-low loss SMF-to-HCF
(HCF-to-SMF) interconnection. Furthermore, the proposed method can be adapted to be

used in specific applications, such as Fabry-Perot interferometers.

In the first part of this thesis I have summarized the properties of PCFs to be able to ac-
curately design appropriate MFAs for the coupling method. Experimental characterization
of PCF's is both time and cost intensive, often requiring long segments of fiber which are
difficult to obtain, making the PCF model an advantageous alternative. However, idealized
models of PCF air-hole structure are often considered. Real post-draw fibers often exhibit
small air-hole structure defects, such as air-hole ellipticity and change in their diameter.
These minor changes can lead to significantly different PCF properties. Therefore, any
PCF model requires the consideration of a real post-draw PCF. This approach is well
described in [A1], where I demonstrate a simple, yet precise method for a PCF model.
The results obtained using this method show a good agreement with the results obtained

experimentally.

The second part of this thesis shows the results I achieved with the proposed coupling
method leading to the novel interconnection technique. We show this in two articles
[A2] and [A3], where we developed the interconnection between SMF and state-of-the-art
PBGF's and NANF's. In both of the presented articles we were able to achieve best-reported
results regarding interconnection losses. Furthermore, we significantly reduced Fresnel
losses that occur at the interface between GRIN MFA and HCFs by depositing ARC. Lastly,
we evaluated HOM excitation, which is a typical disadvantage of HCF's and a limiting
factor for many HCF applications. The proposed coupling method showed that HOM
cross-coupling can be significantly suppressed and a single-mode regime can be practically

achieved.

In the last part of this thesis I show our interconnection in a practical application that
allows us to effectively utilize the benefits of HCFs. In [A4] we show a slightly modified
version of our interconnection which uses a highly reflective coating on GRIN MFA to

create a Fabry-Perot interferometer. We show that such an interferometer has more than
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order of magnitude lower frequency thermal drift compared to interferometer that created
using standard SMF.

Similarly, in [A5], we examine the thermal stability of optical fiber based delay lines in
microwave photonics. From the results it appears that the HCF provides the best results
with thermal stability 16 times better than delay line made from SMF. HCF delay line was
constructed using our interconnection technique, which allowed for easy to use, alignment
free component.

The coupling method presented in this work shows the potential to advance the
integration of the HCF's with existing SMF-based devices and networks. We achieved

state-of-the-art results in this thesis which could serve as a benchmark for future work.
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