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Abstract: Hollow-core optical fibers (HCFs) have unique properties like low latency, negligible
optical nonlinearity, wide low-loss spectrum, up to 2100 nm, the ability to carry high power, and
potentially lower loss then solid-core single-mode fibers (SMFs). These features make them very
promising for communication networks and similar applications. However, this class of fibers is still
in development. Current applications are almost exclusively limited to low-latency data links for
High-Speed Trading (HST); other uses are in the trial stage now. In this paper, we comprehensively
review the progress in the development of HCFs including fiber design, fabrication and parameters
(with comparisons to conventional single-mode fibers) and support technologies like splicing and
testing. A variety of HCF applications in future telecom networks and systems is analyzed, pointing
out their strengths and limitations. Additionally, we review the influence of filler gas and entry
of contaminants on HCF attenuation, and propose a new fusion splicing technique, avoiding the
destruction of the fiber’s photonic cladding at high temperature.

Keywords: hollow-core fiber; photonic bandgap fiber; anti-resonant fiber; nested anti-resonant
nodeless fiber; latency; telecommunications; data transmission; DWDM,; optical fiber splicing

1. Introduction

Despite the impressive development of conventional optical fibers with a solid core and
cladding since the publication of Kao and Hockham’s paper in 1966 [1], and the emergence
of fibers such as the dominant wired transmission medium, with approx. 550 million km
installed in 2022, new fibers for communication networks are being developed, in particular
multi-core fibers (MCFs) with high core density [2,3], and hollow-core fibers.

The main driver of HCF development is bypassing limitations imposed by the proper-
ties of fused silica (SiO;). Affected parameters include, in particular, the following:

Minimum attenuation: 0.14-0.16 dB/km @ 1550 nm;

Low-loss bandwidth: ~1250-1750 nm, or ~68 THz @ < 0.40 dB/km;
Latency and effective refractive index: neg = 1.45-1.47;

Optical nonlinearities, in particular Kerr, Raman and Brillouin effects;
Maximum optical power carried by fiber without damage.

These limitations do not exist in hollow-core fibers, where the bulk of guided radiation
propagates in gas and the interaction of this radiation with glass is limited by a factor
of 100-100,000 in comparison to that of solid-core fibers, depending on the particular
HCF [4,5].

We review unique advantages brought on by the use of HCFs in communication
networks, data transmission, data centers, radio facilities, etc. HCFs, like most novelties,
will initially be expensive but are adopted when one or both of the following conditions
are met:
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e  The length and cost of fiber needed is low in comparison to the economic or other
benefits obtained (acceptable cost/benefit ratio);

e  Technical requirements cannot be met using traditional fibers. Examples include mid-
infrared transmission (A > 1.75 um), phase-sensitive systems operating in variable
temperatures, high-power applications, and systems affected by backscattering.

Issues currently preventing wide adoption of HCFs in telecom networks are also
reviewed, with possible solutions.

Prospective applications of hollow-core fibers, apart from HST, include the linking
of antennae at microwave radio sites, high-capacity DWDM networks, radiation-resistant
data links, supercomputers, radars with phased antenna arrays and short synchronization
links. Adoption in more cost-sensitive facilities like data centers, LANs, or 5G networks
will likely wait for large-scale manufacturing and lower cost of fibers.

This review is mostly limited to dielectric HCFs made of fused silica, as fibers made
of other materials lack an adequate optical and mechanical performance, in particular,
attenuation low enough for transmission over kilometer distances. Applications other than
transmission in telecom and data systems, like sensors and power delivery, are not covered.

The rest of this paper is arranged as follows. The main types of hollow-core fibers
are introduced in Section 2, and reviewed in more detail later: Bragg fibers in Section 3,
photonic bandgap fibers in Section 4, and anti-resonant fibers in Section 5. In Section 6, the
consequences of changing the optical transmission medium from glass or polymer to gas
are briefly presented, including issues like gas impurities and water penetration into HCFE.

Selected properties and parameters of HCFs important for communication networks
are reviewed in Section 7, with comparison to solid-core single-mode fibers. The most
important models of the guiding mechanism in HCFs and simulation tools are presented
in Section 8, while manufacturing is shortly looked at in Section 9. The splicing and
termination of HCFs are described in Section 10. Transmission properties of HC-PBGF
and NANF fibers are evaluated in Section 11. Possible applications of HCFs are reviewed
in Section 12, and some technologies required for deployment of HCFs in networks in
Section 13. The conclusions are presented in Section 14.

2. Main Types of Hollow-Core Fibers
2.1. Basic Designs

Dielectric hollow-core fibers include central round, gas-filled cavity (core) surrounded
by a photonic barrier (cladding), preventing the escape of radiation. HCFs were first
proposed in 1976 (Bragg slab waveguides) [6], 1978 (Bragg fibers) [7] and 1995 (Photonic
Bandgap Fiber-PBGF) [8]. Fibers developed so far can be split into three groups depending
on the light confinement mechanism employed:

(a) Bragg Fibers, where the core is enclosed with multiple alternating layers of transparent
materials with high and low refractive index constituting a Bragg mirror (Figure 1a);

(b) Hollow-core Photonic Bandgap Fibers (HC-PBGFs), where multiple layers of periodic
glass/air structure around the core block the radial propagation of light (Figure 1b).
PBGFs with solid core are not covered here;

(¢) Anti-Resonant Fibers (ARFs), where the optical anti-resonance in multiple flat mem-
branes or walls of tubes blocks the radial propagation of light. (Figure 1c).

In fibers (b) and (c), the structure blocking escape of light (cladding) is normally made
of gas and pure fused silica; other glasses and polymers are less useful, primarily due to
low mechanical strength and gas permeability.

The first anti-resonant fibers were Kagome fibers, where the cladding is a lattice
of hexagonal and triangular cells (Figure 2a). This fiber was modified by changing the
surfaces around fiber’s core from flat to curved ones, resulting in “negative curvature”
fiber (Figure 2b), reduced overlap of guided light with glass, and lower loss [9,10]. Further
development led to the replacement of Kagome cladding with a single layer of thin-walled,
single or nested glass tubes, resulting in NANF fibers (Figure 1c). [11].
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Figure 1. Structures of HCFs: (a) Bragg Fiber; (b) Photonic Bandgap Fiber (Blaze Photonics HC-1550-
02); (c) Anti-Resonant fiber of NANF type. Filling gas is shown as white, fused silica as dark grey. In
the left drawing, lighter and darker shades of grey indicate low-index and high-index materials of
the Bragg reflector. Outer part of cladding and protective coating not shown.
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Figure 2. HCFs with Kagome lattice: (a) “pure” Kagome; (b) with “negative curvature” surfaces
towards core; (c) with hybrid lattice including “levitating” anti-resonant capillaries (right). Drawings
show ideal structures without distortions introduced during consolidation of preform and drawing
of fiber.

2.2. Main Differences

All hollow-core fibers, except for capillary fibers with metallic mirror, not discussed
here, exhibit low-loss guidance of radiation in specific bands of wavelengths only, depend-
ing on the refractive index of materials used and the geometry of the light-guiding structure.
Fibers of type (c) with nested capillaries (Nested Anti-resonant Nodeless Fiber-NANF) can
have low-loss bandwidth of several hundred nanometers [12].

HC-PBGF fibers (Figure 1b) have a photonic barrier exhibiting periodic variation in
the refractive index, made of multiple concentric layers of identical, usually hexagonal,
gas-filled cells, sometimes called a “photonic crystal”, because of regularly repeating units
and their directional arrangement. The typical number of layers is 6-9. All solid parts of
this fiber are made of the same material.

The first HC-PBGF was reported in 1999 [11]. The fabrication of such a fiber using the
“stack-and-draw” method is difficult (Section 9), mostly due to the following factors:

e  Assembling large number of tubes (263 for fiber in Figure 1b) is labor-intensive and
requires clean room;

e  The dimensions of parts change during the consolidation of preform and the drawing
of fiber due to the surface tension of softened glass and variations in the gas pressure
in tubes.

Low-loss bandwidth of HC-PBGF can be considerably reduced via interference from
lossy surface modes localized at the core-cladding interface; these modes can anti-cross
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with air-guided modes, giving rise to narrow spectral regions of high loss [11]. Examples
of loss spectra are shown in Section 4.1.

Kagome fibers have a very characteristic photonic structure, including a combination
of hexagonal and triangular cells, with two triangular cells adjacent to each larger hexagonal
one (Figure 2). Kagome is a name used in Japan for a hexagonal weaving pattern. Despite
the superficial similarity to HC-PBGF, the escape of light from the core is blocked by anti-
resonance (Section 5.1), not a photonic bandgap. Kagome fibers have wider bandwidth than
HC-PBGFs, but the blocking of light escape is usually less effective and fiber attenuation
higher. Number of preform parts is comparable.

Loss can be reduced in hybrid Kagome designs (Figure 2b,c) via the addition of
“negative curvature” parts (bulges) and/or single or nested tubes constituting additional,
nodeless structures around the cavity, at the expense of more complex manufacturing [11].
Thin supports for “levitating” tubes (Figure 2c), not shown due to fine dimensions, reduce
undesirable light scattering, but can break when the fiber is sharply bent or twisted.

The lowest attenuation was achieved in NANFs: similar to, at 1550-1600 nm, and
lower, at <1350 nm, than in the best solid-core fibers [12,13].

Specific types of HCFs are presented in Sections 3-5, with a focus on properties
important for communication networks and data transmission, in particular improvements
over conventional (solid) fused silica fibers.

3. Bragg Fibers

An optical hollow slab waveguide lined with a Bragg reflector was proposed in 1976
by Yeh and Yariv [6]. In 1978, Yeh, Yariv, and Marom analyzed how to design a cylindrical
optical fiber with a Bragg reflector around a central cavity [7], finding that “it is possible, in
principle, to fabricate optical fibers with a multiannulus cladding whose indices may be higher than
that of a core. Such fibers are strongly mode selective and can operate single mode even with large
core diameter.”

The next step was made at MIT, where Joel Fink et al. made and tested a Bragg
fiber [14], utilizing experience gained during earlier work for the U.S. Air Force on dielectric
“perfect mirror” coatings, making aircraft stealthy at infrared wavelengths.

As shown in Figure 1 (left), the fiber’s central cavity (core) is surrounded by cladding
made of alternating layers of transparent, dielectric materials with very different refractive
indices, (n; > ny) constituting a Bragg reflector, which prevents the escape of radiation
propagating in this cavity. High index layers are thinner, roughly in proportion to the ratio
of indices. Each pair of layers has a combined thickness of half a wavelength:

d1n1 + d2n2 =NA/2, (1)

where d; and d; are the thicknesses of each layer, n; and n, denote their refractive indices,
A is the operating wavelength in a vacuum, and N is an integer number (1, 2, 3, ...). The
higher the n; /nj; ratio, the smaller is the number of layer pairs for a given reflectivity.

The design of a Bragg reflector for optical fiber is complicated by the requirement that
reflection must be ensured for the full range of the fiber’s operating wavelengths [7,14] by
varying thickness and reflection wavelength for different pairs of layers. The reflector may
be a set of concentric cylinders made of fused silica and separated by air gaps. However, to
keep the cylinders in place with sub-pum tolerances, each layer of air must be subdivided into
narrow cells by struts providing support—in this way, we obtain a hollow-core photonic
bandgap fiber, presented in Section 4.

In theory, a hollow-core Bragg fiber (solid-core Bragg fibers also exist) has unique
advantages:

(a) The material of the fiber’s outer tube (jacket) does not interact with guided radiation;
it must only provide mechanical strength and hermeticity,

(b) Bandwidth and attenuation depend solely on the design of the Bragg reflector and
the properties of the materials used: refractive index, absorbance, and scattering.
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The fiber’s bandwidth is adjusted by changing the thickness and number of layers of
the Bragg reflector structure, while the absorbance of the materials used can be fairly high
due to the limited penetration of guided radiation into them [15].

However, there are severe difficulties in the design and manufacture of Bragg fibers:

e  For almost 100% reflection with a low number of layers, usually 8-20 (Figure 3), the
difference (“contrast”) of the refractive indices must be high, and materials of very
different chemical compositions are required. Examples include poly(etherimide)
(PEI) or poly(ether sulfone) (PES) as low index materials and arsenic triselenide
(AsySes3) as a high index material, with n = 1.62 (PEI) and n = 2.73 (As;Se3) at 2000 nm,
respectively [15,16]. The latter material is also poisonous.

e  The materials of the Bragg reflector and cladding (jacket) shall have similar melting
temperatures and melt viscosities to allow fiber drawing.

£

\

|Cladding

Multilayer : | \ W ‘
i L AL
{ g \

W\ \ \
L ARAR \'x FHm| @050 |09 %\Z
N\

Figure 3. HCF with a Bragg reflector made of 74 alternating layers of PEI polymer, seen as grey (each
0.47 um thick), and arsenic triselenide, seen as white (each 0.27 um thick). The cladding had a 684 pm
outer diameter and was made of PES polymer. (A) complete fiber, (B) Bragg reflector, (C) layers of
Bragg reflector. This fiber had a fundamental photonic bandgap at 2.28 pm. Reproduced from [15].

The thickness of each reflector layer must be precisely controlled, but the preform
must include no small voids prone to shrinking and collapsing due to surface tension.

The tedious deposition of numerous layers from solution or vapor phase in a tube can
be avoided by making a sheet of dual- or triple-layer foil of the materials required, and
winding it the required number of times around a smooth central rod [15]. The rod is later
removed, and the jacketing tube applied. Individual layers of foil are consolidated when
the preform is heated enough for melting or softening of one or both materials.

The researchers at OmniGuide Communications Inc. published, in 2002, a paper [17]
in which they stated that confinement loss can be as low as 0.003 dB/km at 1650 nm for
a 17 layer Bragg reflector made of materials with refractive indices of n = 1.6 and n = 4.6.
This study, unfortunately, omitted absorption and scattering resulting from contamination,
irregularities, and inclusions in the reflector materials. The lowest loss measured in a
hollow-core Bragg fiber at a typical telecom wavelength (1570 nm) was ~5500 dB/km [15],
and the interest of most researchers shifted to HC-PBGF and AREF fibers.

4. Photonic Bandgap (Photonic Crystal) Fibers

The theory of light guidance in HC-PBGF and AREF fibers can be found in [18,19]. The
key loss mechanisms in HC-PBGFs are presented in [11]. The history of HCF development
until 2020, with a focus primarily on loss reduction, and compact descriptions of each
guidance mechanism can be found in paper [10].

Technical data, fiber photos, and results of measurements included in Sections 3-5
are collected from the referenced literature, product data sheets, and patent descriptions.
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Graphs were drawn by the authors from data in the indicated references to ensure uniform
appearance and/or present different fibers or parameters together. In a few cases, data are
estimated in the absence of published information and indicated as such.

4.1. Fibers with Regular Photonic Structure

Photonic bandgap fiber was invented by PJ. Russell at the University of Bath in
1991 [12], with a paper about it published in 1995 [8]. The basic idea—surrounding a central
part reserved for light propagation (hollow or otherwise) with a periodic photonic structure
composed of alternating low- and high-refractive-index materials, blocking the leakage or
entry of light due to anti-resonance in periodic nodes (hollow channels)—proved versatile
and became the basis for extensive research. HC-PBGF cladding is a periodic, multi-layered
structure composed of glass and gas and known as two-dimensional photonic crystal, in
the center of which a defect (core) is included. The core is usually made by removing 7,
19, or 37 adjacent cells of this structure—in fact, just the walls between them—forming a
circle [10]. Radiation at frequencies within the bandgap cannot pass this cladding (in the
radial direction—the bandgap effect is, in general, direction- and polarization-dependent)
and is confined to the core and the nearest layers of cladding. The effectiveness of such
guidance is limited, and a reduction in leakage loss to less than 1 dB/km usually requires
4-8 layers of cladding.

Unlike conventional solid fibers with high index cores and low index cladding, light
guidance in HC-PBGEF is narrowband. In practice, the bandgap of a nominally uniform
cladding often varies from one layer to another due to the distortion of the fiber structure
during the consolidation of the preform. This can be beneficial: multiple layers of cladding
with stepped bandgaps extend the low-loss bandwidth of the fiber, although a higher
attenuation must be accepted or the number of layers increased.

HC-PBGFs have either a single low-loss band, which can be more than 100 nm wide,
or several narrow bands (Figure 4). Multiple narrow bands can be related to the presence
of additional large holes in the cladding (Figure 5), introduced to capture and leak away
light from higher-order modes.

One direction of HCF development, from early HC-PBGFs to current NANTFs, is de-
creasing the air filling fraction of the cladding from ~90% to 5-10% in order to reduce over-
lap between optical power and glass, fiber loss, and nonlinearity—see Sections 6.1 and 6.2.

Attenuation was considerably lower than in Bragg fibers. The loss of early HC-PBGFs,
in excess of 1000 dB/km, was reduced to 1.7 dB/km at 1560 nm in 2004 [20] and 1.2 dB/km
in 2005 [18] by researchers from the University of Bath, but no further loss reduction in this
class of fibers was achieved. Such fibers are suitable for data links in LANS, data centers, or
radio sites, but not metro and long-distance networks.

Overall, HC-PBGFs have four serious disadvantages when applications in data trans-
mission and telecom networks are considered:

(a) Propagation of higher-order modes in the photonic cladding, and modal dispersion,
even when the core diameter is typical for single-mode fibers (10-20 pm) [21];

(b) High polarization mode dispersion (PMD), frequently in the order of 100 \/ps/km,
resulting from the non-circularity of the core and distortions during consolidation
and drawing. A PMD over 55 ps/+/km was reported for a fiber placed in a loose-tube
cable [22-25];

(c) High surface scattering loss (SSL) [26]—see Section 6.2;

(d) Many HC-PBGFs have low loss only in a few narrow (10-30 nm) sections of the
spectrum (Figure 4) [20,27,28] because of interference between the lossy surface modes
and the fundamental mode [11]. However, fibers of this type with a broad (/150 nm)
transmission bandwidth centered around 1550 nm have been developed.
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Figure 4. Loss spectra of HC-PBGFs: low-loss experimental fiber (red) [20], and OFS AccuCore fibers
with six shunts: typical production fiber (blue) [28], and experimental fiber (green) [22].

Figure 5. Evolution of HC-PBGF to ensure single-mode operation: (a) early design without shunts
(Blaze Photonics HC-1550-02); (b) OFS single-mode fiber with two shunts [20]; (¢) OFS AccuCore
improved single-mode fiber with six shunts [21,28].

An example of a “wideband” HC-PBGEF fiber is NKT Photonics HC-1550, whose data
are presented in Table 1. Figures 5a and 6 show gradually variable sizes of holes.

Figure 6. SEM image of NKT Photonics (formerly Blaze Photonics) HC-1550 fiber. Despite overall
good control of fiber dimensions during manufacturing, cells in inner layers are noticeably smaller
than in outer ones. Image courtesy of NKT Photonics.
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Problem (a) was solved with the introduction of shunts in the cladding (see Section 4.2),
and problem (b) with the spinning of the fiber during drawing [21,22]. Problems (c) and
(d) were eliminated in a new class of HCFs—the anti-resonant fibers (ARFs)—discussed in
Section 5.

A fragmented transmission spectrum does not affect transmission at one or few
wavelengths, including low-capacity DWDM links [22], but spectrally incompatible fibers
cannot be spliced into a joint optical path, e.g., during the expansion of an existing network.
Large-core HC-PBGF fibers are not suitable for high capacity DWDM networks, where a
low loss at least in a full C-band (~1528-1565 nm) is required.

To minimize light scattering via surface capillary waves on surfaces around the core,
and the resulting component of fiber attenuation (SSL, see Section 6.2) [26], the core diameter
of a typical HC-PBGF intended for data transmission is considerably larger than in solid
single-mode fibers. For example, the OFS AccuCore fiber [22,27] has core diameter of
25 um, and an effective cross-section A.g = 200 um?, while the widely used single-mode
fibers conforming to the ITU-T G.652 standard [29], such as the Corning SMF-28e+ [30]
and SMF-28 Ultra [31], have an 8.2 um core diameter and A.g = 82 um?. A large mismatch
between the mode field diameters (MFD) of these fibers requires special arrangements
during their splicing [27]. Commercial HC-PBGFs are primarily offered as lengths of
cable terminated in the factory with pigtails including standard single-mode fibers [28], as
described in Section 10.1.

4.2. Single-Mode PBGFs with Shunts

Photonic bandgap fibers with regular photonic cladding support the propagation
of higher-order modes, while telecom networks require single-mode fibers. Single-mode
propagation can be ensured with “shunts”—hollow cavities larger than normal cells of
the photonic structure, but smaller than the core (Figure 5). In the OFS fibers shown
in Figure 5b,c [21], the core and shunt have cross-sections equal to 19 cells and 7 cells,
respectively.

Shunts are traps for higher-order modes: radiation is accepted by the shunt, but leaks
from it through the cladding, escaping the fiber. Shunts are designed such that higher-
order modes in the core are phase matched to the fundamental mode in them. The loss
experienced by the fundamental mode guided in the core is not significantly affected. After
a certain length, e.g., 0.5 m [32], only the fundamental mode effectively propagates, despite
the large diameter of core (25 pm in Figure 5b,c). Single-modedness in a six-shunt HC-PBGF
can be better than in an SMF, where the cutoff wavelength is tested on longer samples: 2 m
(fiber in primary coating) or 22 m (fiber in the cable) [33].

Figure 6 shows the deformation of the photonic structure during fiber manufacturing,
in particular at the borders with the core and jacketing tube. Each small cell was originally
a round glass tube. One undesirable effect is the lack of radial symmetry, causing PMD.

HCFs and solid-core single-mode fibers exhibit opposite relationship between diameter
and the area of the fiber’s core and the fundamental mode propagating in it:

e Insolid-core fibers, mode field diameter and effective area are larger than the dimen-
sions of the core, as diffraction causes light to “spill” into the cladding;

e In hollow-core fibers, the mode field is “pushed” towards the center of the core, away
from the photonic cladding, and MFD is smaller than the core diameter (Table 2);

o  The mode field diameter of HC-PBGFs decreases with the wavelength, while that of
solid-core fibers increases with the wavelength at similar rate (Figure 7).

Another special property of HC-PBGFs is the characteristic of chromatic dispersion
(CD), shown in Figure 8 for OFS AccuCore fiber [22]. Both the CD and CD slopes rapidly
increase close to the edges of the transmission band, and the sign of CD is reversed in the
middle. As a result, high bit rate transmissions in a part of the low-loss band may require
dispersion compensation, which adds undesirable latency.
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Figure 7. MFD vs. wavelength: OFS AccuCore with six shunts [34] and Corning SMF-28+ [30].
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Figure 8. Chromatic dispersion of OFS AccuCore with six shunts—four lengths concatenated [22],
and Corning SMF-28e+ [30]. The dispersion of individual lengths of AccuCore differed substantially.

4.3. Commercial Fibers and Their Parameters

The main suppliers of commercial HC-PBGFs are OFS Fitel (a Furukawa group com-
pany) in the U.S. and NKT Photonics (a subsidiary of Hamamatsu Photonics K.K.) in
Denmark.

Fibers from NKT Photonics share a common design (Figures 5a and 6), tailored
for wavelengths between 800 nm and 1550 nm by sizing of core and photonic cladding.
HC-1310 and HC-1550 fibers for telecom wavelengths [35] have dimensions typical for
single-mode fibers (Table 1) but are unsuitable for telecom networks due to high attenuation:
60 dB/km @ 1310 nm, and 30 dB/km @ 1550 nm and propagation of higher-order modes.
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Table 1. Technical data of NKT Photonics HC-1310 and HC-1550 PBGFs for telecom wavelengths and
conventional single-mode fiber Corning SMF-28e+. Adapted with permission from Ref. [35], © NKT
Photonics 2022, and Ref. [30], © Corning Inc., 2021.

Parameter HC-1300 HC-1550 SMF-28e+
Core diameter (nom.) [um] 10.0 115 8.2
Mode field diameter (nom.) [pwm] 7.5 @ 1300 9.0 @ 1550 9:2@1310 nm
ode field diameter (nom.) [um . nm . nm 104 @ 1550 nm
Cladding diameter (nom.) [um] 125 120 125
Range of operating wavelengths [nm] 1290-1330 1490-1680 1260-1675
. 0.35@ 1310 nm
Attenuation (max.) [dB/km] 60 @ 1300 nm 30 @ 1550 nm 0.20 @ 1550 nm
Attenuation (typ.) [dB/km] 30@1300nm  18.5 @ 1550 nm 0.18 @ 1550 nm
Chromatic dispersion (typ.) 66@1300nm  42@1550nm 17 @1550 nm

[ps/nm-km]

Table 2. Data of single-mode fibers: OFS AccuCore (HC-PBGF) and Corning SMF-28e+ [30].

Parameter AccuCore SMF-28e+
Core diameter (nom.) [um] 25.0 8.2
Core area (nom.) [um?] 491 52.8
Effective area, Aqg (nom.) [um?] 200 82
Ratio of A to core area 0.41 1.55
Mode field diameter, MFD (nom.) [pum] 17.9 @ 1550 nm 10.4 @ 1550 nm
Cladding diameter (nom.) [um] 821 125
Jacket diameter (see Section 7.1) [um] 2201 (125)
Effective refractive index, ngg @ 1550 nm 1.005 1.468
Low-loss band [nm] See Figure 4 1260-1675
Attenuation (max.) [dB/km] 7.0 @ 1550 nm 0.20 @ 1550 nm
Attenuation (typ.) [dB/km] 4.0 @ 1550 nm 0.18 @ 1550 nm
Chromatic dispersion (typ.) [ps/nm-km] ~70 @ 1550 nm 2 17 @ 1550 nm

PMD [ps/+/km] 9.153 <0.10

! No data published by OFS—Estimate. > High dispersion at the edges of transmission band: —377 ps/nm-km @
1545 nm [22]—see Figure 8. 3 Average value for spun fibers in a loose-tube cable [22].

OFS Fitel makes HC-PBGFs installed in commercial networks, mostly low-latency
links for high speed trading, presented in Section 12.1.3. Selected data of OFS AccuCore
fibers [21,22,27,28,34,36] are listed in Table 2.

HC-PBGF has three advantages over solid single-mode fibers:

Low latency (—31.5% vs. SMF-28e+) [27,36];
Low optical nonlinearity and ability to handle high optical power;
Resistance to ionizing radiation.

As regards disadvantages, an important one is high PMD, resulting from the following
factors:

e Lack of 90° rotational symmetry: eight shunts would be better (Section 7.2);
e Considerable distortions of fiber structure, especially the core (Figures 5b,c and 6).

PMD in similar un-spun HC-PBGFs was often in excess of 100 ps/+/km, rising when
the long-wavelength edge of transmission band was approached [23-25].

High PMD makes AccuCore fiber suited only for short links with NRZ coding (no
added latency due to complex coding/decoding and FEC processing) operating at 10 Gb/s
rate, which typically tolerate instantaneous differential group delay (DGD) of 30 ps, and
a PMD of 10 ps—see Section 11. Because of radiation resistance and latency stability
(see Section 7.3), similar fibers are also useful in nuclear facilities, space equipment, and
multi-antenna microwave systems.
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5. Fibers with Anti-Resonant Guidance

Such fibers share a common light guidance mechanism: anti-resonance in thin glass
walls (“membranes”) and slabs in Kagome fibers, or curved walls of tubes. This kind of
hollow waveguide is known as anti-resonant reflecting optical waveguide (ARROW).

5.1. Optical Resonance and Anti-Resonance

Resonance condition means a light wave is reflected back into the slab at its surface
and forward again, matching wave which did not experience reflections, and both waves
propagate out of the slab without loss. This occurs when the phase delay in the glass
wall/slab of thickness t and made of glass with a refractive index n is of 2tm, where m is
an integer number (1, 2, 3,...), indicating how many times the reflected wave travelled back
and forth across the thickness of slab. Assuming that the refractive index of filler gasis 1,
this corresponds to a resonant wavelength Ar [10,19] as follows:

AR = 2ty/(n? — 1)/m, 2)
and a resonance frequency fR, as follows:
fr=me/2ty/(n* —1). ®)
The required wall thickness is calculated as follows:
t=mAg/2y/(n? — 1). (4)

At resonance wavelengths, the wall or tube is transparent, and a waveguide sur-
rounded by such structures experiences leakage; thus, the attenuation is very high. At
anti-resonance, the phase shift is (2m — 1), the wave reflected back and forth is reversed
in phase, and the interference with un-reflected wave is destructive—combined waves are
weakened. At anti-resonance wavelengths, the waveguide exhibits the lowest confinement
loss (CL). The anti-resonant wavelength Asr and wall thickness t are as follows:

AaR =2t/(n* — 1)/(m — 0.5), ©)

t=(m — 0.5Aar/2y/(n% — 1) (6)

For Apr = 1550 nm and n = 1.4440 (fused silica), t = 0.582 um for m = 1, and 1.746 um
for m = 2. Many fibers are designed with m > 2 for cladding robustness.

The spectra of both wavelengths are periodic and the low-loss band of the fiber (often
called “window 1” for m = 1, “window 2” for m = 2, etc.) can be tuned by choosing the
thickness of walls and number m. The diameter of tubes or spacing of walls (in Kagome
fibers) has no effect on both wavelengths, but the leakage loss rises with it.

Each transmission window extending (theoretically) between the adjacent resonant
frequencies frm and frm+1 has the same bandwidth measured in the frequency domain,
as follows:

Af = c/2t/(n® — 1). 7)

In the wavelength domain, each subsequent window is narrower—see Figure 9.

For m =1 and m = 2, the ratio of resonant wavelengths is 2:1, and a wide low-loss band
is possible, unlike HC-PBGFs. The inclusion of additional tubes in nested or double nested
nodeless anti-resonant fibers (NANF and DNANF) enables the designers to further extend
the low-loss bandwidth by shifting the resonant (transparency) wavelengths of each tube.

Increasing m and/or AaR results in larger wall thickness, which makes fiber cladding
less prone to distortions during drawing, but proportionally reduces fiber bandwidth and
increases the overlap of optical power with glass, because walls are thicker, while the spaces
between them remain similar. This increases fiber loss if the bulk loss of the fiber material is
high, e.g., at A > 2100 nm in the case of fused silica—see Figure 10 and Sections 6.1 and 6.2.
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Figure 9. Example of arrangement of low-loss bands (“windows”) in anti-resonant fiber, shown in
frequency domain (left) and wavelength domain (right). High-loss bands between windows are
centered around resonant wavelengths. Loss components other than CL not shown.

(b)

Figure 10. SEM images of core and cladding of six-tube NANFs: (a) m = 2, Deore = 31 pm,
AAR ~ 1450 nm, t = 1.17 um, (b) m = 1, D¢ore = 35 um, Apr = 1550 nm, t = 0.415/0.46 um (outer/inner
tubes) [37-39]. Reproduced with permission.

A detailed analysis of light propagation in anti-resonant fibers can be found in [19].
Chromatic dispersion in NANF fibers was analyzed by Zeisberger et al. [40].

5.2. Kagome Fibers

Fibers of this type (Figure 2) feature three sets of flat, equally spaced walls intersecting
at 60° angles (Figure 2a). Kagome fibers have been researched since 2002 [41], but achieving
low loss and purely single-mode propagation proved difficult, partly due to scattering
at numerous “nodes” or intersections of walls, as in HC-PBGFs [18]. It is also difficult to
make a Kagome fiber with the desired flat walls intersecting at a 60° angle, as—unlike a
hexagonal pattern in cladding of PBGF or round capillaries in NANF—such structures are
not naturally created by or retained under the influence of surface tension when the fiber
or “cane” is drawn. Figure 11 shows the extent of the deformation experienced in typical
conditions.
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Figure 11. SEM images of Kagome fibers: (a) with round core; (b) with “hypocycloid” core delimited
by round surfaces [42]. The white bar corresponds to 50 pm. Please compare with perfect structures
shown in Figure 2a,b. Reproduced with permission.

The lowest loss reported in 2018 for Kagome fiber was 8.5 dB/km at 1080 nm [43].
Hybrid Kagome fibers with an added “negative curvature” layer of tubes or half-domes
(Figure 2b,c and Figure 11b) were developed, exhibiting good single-modedness [44,45],
and loss reduced to 1.6 dB/km at 1050 nm in 2021 [45]. However, the NANF and DNANF
fibers presented in Section 5.3 have lower loss, down to 0.17 dB/km [13] and a wider
bandwidth.

5.3. NANF and DNANF Fibers

The evolution of anti-resonant fibers was rather long. It began with Kagome fibers,
presented in Sections 2.1 and 5.2, and was later followed by the introduction of round
“negative curvature parts” surrounding the core for a lower overlap of optical power with
glass. Once this approach was proven effective, the whole multi-layer Kagome cladding was
replaced in 2011 with a single layer of tightly packed (touching) glass tubes or “capillaries”
separating the empty core from the jacket tube [46]. This design was soon improved in
2013 [47] via the introduction of small gaps between the tubes, as shown in Figure 12a. The
loss of this fiber at medium-infrared wavelengths was reduced substantially below bulk
absorption in the glass.

A Nested Anti-resonant Nodeless Fiber (NANF) fiber was proposed by F. Poletti of the
University of Southampton in 2014 [48]. In an NANE, the number of anti-resonant walls is dou-
bled (Figure 12b), reducing confinement loss and allowing the designers to extend the low-loss
bandwidth by differentiating the wall thickness and resonant wavelength of each tube. The
lowest attenuation of NANF, reported in 2021, was 0.22 dB/km at 1625 nm [49]—comparable
to the attenuation of commercial SMF [30] at the same wavelength.

Confinement loss can be further reduced via the inclusion of an additional small tube,
resulting in Double Nested Anti-Resonant Nodeless Fiber (DNANF)(Figure 12c).

(@) (b) (c)

Figure 12. Main types of Anti-Resonant fibers: (a) with non-touching single tubes, (b) with nested
tubes (NANF), (c) with double-nested tubes (DNANF). Fibers of type (b,c) had a minimum loss of
0.23 dB/km [49] and 0.174 dB/km [13], respectively. For an actual image of the last fiber, see Figure 13a.
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This design was proposed and studied in 2014 by Belardi and Knight [50] and Po-
letti [48]. The reduction in confinement loss down to 10~ dB/km was predicted using
computer simulations, as each membrane added between the cavity and outer cladding
(“jacket”, see Section 7.1), preferably close to the core cavity, reduces the proportion of
light propagating in the radial direction. In NANF and DNANE, nodes exist only between
outer surfaces of tubes and the jacket tube, where the power density is very low. Light
scattering is very low despite a considerable degree of fusion between the nested tubes and
jacket observed in several fibers—see the example shown in Figure 13a. The lowest total
loss so far, 0.174 dB/km at 1530 nm, was achieved in a DNANF in 2022 [13]. The photonic
structure of this fiber is shown in Figure 13a, and the loss spectrum in Figure 14. Figure 13b
is a comparison of the mode field distributions in this DNANF and equivalent NANF with
an identical core diameter (28 um). In a DNANF, the outer part of mode field is kept farther
away from the fiber jacket by the relatively large middle tube and radial confinement loss
reduced tenfold.

DNANF
0.09 dB/km

NANF
I—Radial leakage loss | 0.9 dB/km

(b)

Figure 13. (a) SEM image of 0.174 dB/km DNANF, (b) simulated mode field distributions and radial
confinement loss in this fiber and equivalent NANF [13]. Reproduced with permission.
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Figure 14. Loss spectra of lowest-loss DNANF fiber [13]: (blue) measured, (red) estimated for fiber
without water peak.
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With marginal loss contribution from bulk absorption in fused silica or other material,
and proper scaling, NANFs can be optimized for different spectral ranges, including 850 nm
and visible light, where a lower loss in comparison to solid fused silica multimode fibers
was demonstrated [49]. The number of tubes is usually five, six or seven, sometimes eight
or ten.

In addition to “basic” ARF/NANF/DNANF fibers with all round tubes shown in
Figure 12, several other designs exhibiting a low (predicted) confinement loss were recently
proposed, including NANF with elliptical inner tubes (Figure 15a, CL ~ 10~3 dB/km) [51],
DNANF with two parallel smallest tubes located in the same radial distance from the fiber
axis (Figure 15b, CL a2 107> dB/km) [52], and ARF with non-nested stadium-shaped tubes
elongated in the radial direction (Figure 15c¢) to increase the distance between the cavity
and the outer jacket, and improve the azimuthal confinement of light [53].

Figure 15. Alternative ARF structures with low confinement loss: (a) NANF with elliptical inner
tubes [52], (b) DNANF with two parallel inner tubes [53], (c) ARF with “stadium” tubes [54].

Unfortunately, the substantial reduction in confinement loss alone cannot proportion-
ately decrease the total fiber attenuation, as other loss components like SSL (Section 6.2),
absorption by gas contaminants (Section 6.3), or bending loss remain.

The chromatic dispersion of NANF fibers designed for the 1550 nm band is low:
1.5-4 ps/nm-km (Figure 16), with flat characteristics over a wide range of the spectrum:
200 nm and more [12]. This property is valuable in long-distance DWDM systems, elimi-
nating or substantially reducing the need for dispersion compensation.

20
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Figure 16. Chromatic dispersion of typical NANF [12] and Corning SMF-28e+ [30] fibers. In NANF,
CD slope rises close to resonant wavelengths; negative CD at short wavelengths is possible [12,40].
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Despite a lack of rotational symmetry of cladding, the PMD measured in 10 km of
concatenated NANF fibers in a loose-tube duct cable was moderate: 0.29 ps/+/km [54],
close to the requirement for SMF, <0.20 ps/+/km [29]. The reasons for this are explained in
Section 7.2.

NANF cables are manufactured commercially under the trade name CoreSmart by a
British company Lumenisity—a spinoff from the University of Southampton, acquired by
Microsoft in December 2022, with a first deployment for HST connection to the London
Stock Exchange in March 2021, and with installed lengths of up to 45 km. Table 3 is a
comparison of Lumenisity CoreSmart NANF fiber to solid single-mode fiber. In the absence
of published product specifications, data from research papers, primarily [12,13,49,54,55],
were substituted and some parameters estimated.

Fused silica NANF with low loss, 0.85-1.25 dB/km in several bands close to 2 um
(~1980 nm, ~2040 nm, ~2100 nm), was also reported by researchers from the Beijing
University of Technology in China in 2021 [56]. This fiber was designed for optical power
delivery, with a large core diameter (46 um) and cladding made of five nested tubes.

Table 3. Comparison of single-mode fibers: NANF and Corning SMF-28e+ [30].

Parameter NANF SMF-28e+
Core diameter [pum] 29-36 8.2
Mode field diameter, MFD (nom.) [um] 18-25 @ 1550 nm 10.4 @ 1550 nm
Cladding diameter (nom.) [um] 82 125
Jacket diameter (see Section 7.1) [um] 200 (125)
Effective refractive index, ne @ 1550 nm 1.003 1.468
Low-loss spectrum [nm] 1250-1650 1 1260-1675
Attenuation @ 1310 nm [dB/km] 0.22-0.40 <0.35
Attenuation @ 1550 nm [dB/km] 0.20-0.35 <0.20
Chromatic dispersion (typ.) [ps/nm-km] 1.5-4 @ 1550 nm 17 @ 1550 nm
PMD [ps/+/km] 0.29 <0.10

! Limited by strong “water peak” (1.1-1.4 dB/km @1364 nm)—see Figure 14.

NANF/DNANEF fibers are promising for communication networks, especially high-
capacity DWDM networks. Advantages over solid single-mode fibers include the following;:

Low latency (—31,7% vs. SMF-28e+);

Low and weakly wavelength-dependent chromatic dispersion;
Low optical nonlinearity and ability to handle high optical power;
Resistance to ionizing radiation.

Low-loss bandwidth and minimum attenuation are currently comparable, but:

NANFs suffer from “water peak” absorption in the 1350-1490 nm band (Figure 14);
The loss of NANFs can be further reduced [13], while that of solid-core fibers cannot.

Other disadvantages, applicable to all HCFs, include:

o  Difficult splicing (Section 10);
e  Sensitivity to contamination in adverse environments (Sections 6.3 and 6.4);
e Large, non-standardized diameter of most fibers (Section 7.1).
6. New Transmission Medium: Gas
6.1. New Properties of Fiber

The radiation guided in HCF interacts little with glass, as the photonic cladding
consists predominantly (over 90%) of gas trapped between thin membranes or in tubes.
This effect is quantified using an overlap of optical power distribution with glass parts
to calculate the optical overlap coefficient (). The ranges of values reported in literature
are [4,5]:
e 1 =10"3-10"2(0.1-1.0%, or 1000~10,000 ppm) for HC-PBGF fibers;
e 1n=10"2-3 x 10~* (0.001-0.03%, or 10-300 ppm) for ARF fibers like NANF.
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An increase in core diameter reduces 11 and fiber attenuation; therefore, HCF designers
prefer large core diameters and mode field. The 1 coefficient is wavelength-dependent, ris-
ing at short wavelengths. Consequences of effective removal of glass from the transmission
path are substantial:

e  Loss can be, in theory, reduced to ~0.001 dB/km [48,52]—see Section 6.2.

e  Effective refractive index (nqg) of fiber is low: ~1.005 for HC-PBGEF, ~1.001 for NANF.

e  Optical nonlinearities resulting from interaction with glass are reduced in proportion
to optical overlap coefficient 1 multiplied by the ratio of effective core area (A.¢) of
SMF and HCE, approx. 1:4. In a typical HC-PBGF, Kerr nonlinearity is ca. 500 x lower
than in SMF; for NANFE, the difference is in the order of 1:10,000. In a fiber with very
low 1 like NANF, the contribution of gas to nonlinear effects can dominate [5].

e  Backscattering is mostly produced by surface scattering, which is quite strong in HC-
PBGFs, almost absent in ARFs, and filler gas, and dominant in NANF/DNANF, but
weak; the contribution of Rayleigh scattering in fused silica is marginal [57]. Backscat-
tering in ARFs is very weak and the fiber can hardly be tested with OTDR—see
Section 7.4.

e  Chromatic dispersion (CD) and polarization mode dispersion (PMD) in HCFs are
substantially different from such parameters of solid-core fibers, and very different for
each kind of HCF—see Section 7.2 and Tables 2 and 3.

e  Splicing and termination techniques must ensure hermetic sealing to prevent fiber
contamination, e.g., with water vapor—see Sections 6.3 and 6.4.

e Contaminated fiber can be purged with pure gas, but this can take several days for a
1 km long fiber with 100 um core at 100 kPa overpressure [58]—See Section 6.4.

o  HCFs exhibit much better stability of latency than solid-core fibers when subjected to
variable temperatures, but not strain—see Section 7.3.

e  HCFs are resistant to ionizing radiation, as color centers and associated bulk absorption
in fused silica have little effect on fiber attenuation [59]. However, radiation can
deteriorate fiber coatings and the polymer parts of the cable.

6.2. Origins of Fiber Loss
The attenuation in HCF is produced via several mechanisms:

(a) Escape of light through cladding, causing confinement loss (CL);

(b) Surface scattering loss (SSL) [11];

(c) Absorption by contaminants of filler gas, e.g., water vapor (Section 6.3);
(d) Absorption of bulk silica glass, important at long wavelengths [26];

(e) Micro- and macrobending loss;

(f)  Loss resulting from structural imperfections of photonic cladding [60].

Each loss component is wavelength-dependent in a different way. Loss analysis for
NANTFs is presented in [19,61], and for HC-PBGF in [26].

CL is used to measure how effectively the cladding blocks escape of guided light
from the fiber’s core at a particular wavelength. It depends both on cladding design and
the accuracy of controlling its geometry during fiber manufacturing. CL is also known as
“Leakage Loss”.

CL can be, in theory, reduced as desired via the modification of cladding, e.g.,
adding layers of holes or nested tubes, with predicted values in DNANF fibers down
to ~107° dB/km [48,52]. However, manufacturing imperfections and variations in key di-
mensions have a considerable influence [60]. For example, the thickness of walls around the
core of HC-PBGF shall be a half of the thickness of the struts to minimize the attenuation.

SSL is produced by thermally excited Surface Capillary Waves (SCW) in molten
glass, which is frozen when the fiber is cooled after drawing. Light guided in the fiber
is scattered on uneven surfaces encircling the hollow core; the resulting attenuation in
HC-PBGF is proportional to A3 [11]. Recent analyses and experiments [62] indicate that the
application of surface shear during fiber drawing can reduce the RMS height of SCW from
~0.4 nm in fibers drawn without shear to ~0.15 nm at most important SCW wavelengths
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shorter than 1 um, with an expected threefold reduction in SSL. Surface scattering is partly
backscattering, beneficial for fiber measurement with OTDR.

SSL is decreased by increasing the core diameter to minimize the overlap of guided
light with glass surfaces around the fiber’s core, and is negligible in NANF/DNANF fibers.

With adequately low 1, HCF can have low attenuation despite a high loss of fused silica
or other structural material. In particular, an effective onset of phonon absorption in SiO,
fiber is shifted from 1500 nm in SMF to 1800-2200 nm [26]. In an HC-PBGF with nj = 0.5%,
the minimum loss of leakage-free hollow-core fiber, limited by phonon absorption in fused
silica, can be as low as 0.01 dB/km at 1800 nm, rising to 1 dB/km only at 2150 nm [11,20].
For an NANF with 1 = 0.01% (100 ppm), the minimum loss produced by phonon absorption
in glass is below 0.001 dB/km at wavelengths close to 2000 nm.

Loss resulting from Rayleigh scattering in glass is not important in HCFs because its
value in bulk glass (~0.14 dB/km @ 1550 nm) is multiplied by n—more at long than at short
wavelengths. This enabled the development of NANFs operating at visible wavelengths,
with a loss lower than that in solid-core fused silica fibers, e.g., 2.8 dB/km at 660 nm [63].

The same applies to hollow-core polymer optical fiber (HC-POF). Solid POFs have
a core of PMMA and thin cladding of fluorinated polymer. These fibers have too high
attenuation for telecom networks, 150-200 dB/km at 650 nm, and 80-100 dB/km at 480 nm
and 520 nm [64], and are restricted to short data links in vehicles, industrial automation,
etc. The attenuation of PMMA HCF with 1 < 0.005 can be, in theory, reduced to <1 dB/km
in the 600-850 nm band [65]. This is less than the typical attenuation of OM2/3/4/5
multimode solid-core fibers used in LANs and data centers: 2 dB/km at 850 nm [66].

The attenuation of state-of-the art fused silica HC-PBGF is primarily a sum of:

e CL, which usually reaches high values in several bands, usually leaving narrow
low-loss transmission band(s) (Figure 4).

e  SSL, which imposes a low limit of fiber loss at short and medium wavelengths, up
to 1800-1900 nm, where the associated loss can fall down to 0.1-0.2 dB/km [26] in
optimized fibers, but is much higher, ~2 dB/km in current commercial HC-PBGFs.

e  Bulk absorption in fused silica, multiplied by the optical overlap coefficient 1. Due to
low n, bulk absorption is important only at wavelengths above 1800 nm [26].

In a state-of-the-art NANF/DNANFE, the largest components of attenuation are:

e CL, with minima at anti-resonant wavelengths and rising closer to resonant wave-
lengths [48,52]. This splits the low-loss spectrum into multiple “windows” (Figure 9).
CL can be very low, down to 10~° dB/km [48,50,52], but other loss components
are larger.

e  S5SL,~0.03-0.05 dB/km at wavelengths in the 1500-1800 nm range [61], less than in
HC-PBGFs due to lower power density at surfaces of cladding tubes.
Absorption by contaminants of filler gas (Section 6.3).
Microbending loss.
Loss resulting from structural imperfections of cladding like variations in capillary
diameters (Section 9) or their excessive fusion with fiber jacket.

Loss due to bulk absorption in fused silica, multiplied by 1, is below 0.01 dB/km in
typical NANF/DNANF at wavelengths up to 2200 nm of interest in telecom networks [61].
Microbending loss in a typical NANEF:

e  Falls with an increase in wavelength [38,61]—in SMF, the situation is opposite;
e Rises with an increase in core diameter and MFD—as in SMFE.

It is the rising microbending loss that imposes a practical limit on the NANF/DNANF
core diameter, approx. 40 um. The minimum predicted total attenuation of optimized and
flawless DNANF of current design is around 0.055 dB/km at 1550 nm [61].

6.3. Absorption and Scattering by Filler Gas and Contaminants

Because 99-99.999% of radiation propagating in HCF interacts with gas filling the core
rather than material of which the photonic structure is made, ensuring low attenuation
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depends on the properties and the purity of this gas, including absorption by gas, its
impurities and deposits on surfaces around the core, as well as Rayleigh scattering.
The advantages of gas over glass or polymer include a low refractive index, ~1.000273
at 1550 nm for air at room temperature and standard atmospheric pressure at sea level [67],
and very weak Kerr, Raman and Brillouin effects at atmospheric or lower pressure.
Unfortunately, filling gas can be contaminated with species:

e  Present in the working area of the fiber manufacturing plant: water vapor, carbon
dioxide, or fuel for gas burners;

e  Out-gassing from hot glass, mostly chlorine and fluorine present in commercial fused
silica tubes in concentrations up to 2000 ppm, and 3200 ppm for Heraeus F300 and
F320-08, respectively [68];

e Diffusing into the fiber through open ends and imperfectly sealed splices, like hydro-
gen, water vapor, and methane [69,70].

Argon is used as protective gas during fiber drawing to prevent the burning and
oxidation of oven parts, and is also suitable as filler. In most experiments, purified air is
used.

Attenuation produced by Rayleigh scattering in a dry, dust-free air or pure argon at
101.3 kPa pressure (standard atmospheric pressure at sea level) is approx. 0.035 dB/km
at 600 nm and 0.14 dB/km at 400 nm, respectively, if a complete loss of scattered light is
assumed [71,72]. This attenuation is proportional to the effective cross-section of Rayleigh
scattering of a particular gas and its pressure.

While helium has the lowest cross-section of Rayleigh scattering—Ca. 60 lower than
air [72]—and few absorption lines in the spectral range of interest (Table 4), this gas can
easily diffuse out from fiber or splice, and appears unsuitable.

Table 4. The strongest absorption lines or bands in non-ionized state between 600 nm and 2200 nm,
and Rayleigh scattering cross-sections [o] at 733 nm, of possible filler gases and their contaminants
[72-76]. Notes: (1) absorption bands are usually composed of numerous narrow absorption lines;
(2) limits of bands correspond to approx. 10% of peak absorbance.

Gas o [10-32 m?] Absorption Lines or Bands ! [nm]
Helium (*He) 0.39 668, 707, 1083, 2058
Argon (Ar) 23.8 697,707,750, 764, 795, 801, 810, 812, 912, 966
Nitrogen (Nj) 26.5 744,747, 868, 1247, 1358, 2099-2206
Oxygen (O3) 22.0 777,845,927, 1253-1283
Chlorine (Cly) no data 822, 838, 859
Fluorine (F») no data 686,704,713
Hydrogen (Hj) 5.30 656, 1282, 1875
Methane (CHy) 59.2 1631-1679
Propane (C3Hg) 346 1685-1765
Ammonia (NHz) 38.9 1471-1547, 19262025, 22002348
Water vapor (H,O) 19.2 1117-1153, 1352-1414, 1816-1934
Carbon dioxide (CO,) 62.2 1432, 1438, 1998-2026

LAl absorption lines are relatively weak.

The attenuation of HCF is increased by the absorption of gas and its contaminants. In
particular, water is deposited on the inner surfaces and reacts with fused silica, producing
silanol (SiOH) absorbing light at 1364 nm, while the initial concentration of water vapor
decreases with time. Non-polar gases like nitrogen, oxygen or argon do not attach to fused
silica surfaces [69].

The absorption lines (for elements) and bands (for compounds), and Raman scattering
cross-section (o) characterizing the intensity of Raman scattering are listed in Table 4. Only
the strongest absorption lines or bands for each gas are listed. Data were compiled from
the NIST Basic Atomic Spectroscopic Data for elements website [73], HITRAN on the Web
website [74] and papers [75,76] for compounds.
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The measurement of fiber loss spectrum enables the detection of contaminants and
estimation of their average concentration, as the attenuation they produce is proportional
to partial pressure. For example, the spectral loss graph of NANF published by Jasion
et al. [55] reveals absorption bands of water vapor, ammonia, methane, propane and
possibly one or two more compounds the authors failed to identify.

6.4. Exchange of Gases with Atmosphere and Entry of Water

Water vapor absorption is prominent in the spectral loss of the lowest-loss HCF
reported so far [13], as shown in Figure 14. The water peak was 90 nm wide at an added loss
of >0.2 dB/km, and 110 nm at >0.05 dB/km—the latter value is typical for conventional
single-mode fibers conforming to the ITU-T G.652.D standard [29]. The shape of loss peak
corresponds exactly to the absorption by water vapor in air [76].

Researchers from the University of Southampton have recently (2022) measured the
dynamics of gas exchange between un-sealed lengths of HC-PBGF and NANF fibers and the
surrounding atmosphere, absorption and Raman (Stokes) spectra of contaminants inside
fibers, the internal pressure of gas in a freshly drawn NANEF and the infiltration of liquid
water into a vertically suspended HC-PBGF [69,70]. Some findings are surprising, and
important for the handling, splicing and repairs of HCFs and cables with them, as follows:

e  Theinner pressure in a freshly drawn fiber is 20-29 kPa, only 1/4th of the atmospheric
pressure, despite the application of 6 kPa overpressure during drawing. This happened
because the gas inside the preform was initially hot, ~1400 °C during necking, and
the pressure fell during cooling to room temperature, roughly by a factor of 5.7;

e  The time required for the equalization of pressure inside a 55 m length of freshly
drawn HC-PBGF with a 31.6 pm core diameter open at both ends with a surrounding
atmosphere was 2 h. For a 34 m long 7-tube NANF with a smaller core diameter
(18.5 pm), this time was longer—3 h;

e When a freshly drawn HC-PBGF (kept sealed after drawing, and cleaved 3 min before
experiment) was vertically suspended, with one end sealed and the other immersed in
pure water, the water column inside the fiber reached a height of 8.8 m after 40 h. For
a pressure-equalized fiber, the result was still 2.1 m, as the water was driven into fiber
by surface tension. The fiber tested was 26.5 m long.

In another experiment, the added spectral loss in HC-PBGF and five-tube NANF fibers
was monitored, when a 150 m and 155 m length of each fiber were kept with one end open
in the lab, at a controlled 40% relative humidity and 22 °C temperature for 10 months [70].
Then loss of NANF was stable throughout the test, while HC-PBGF exhibited an increase
in loss of up to 10 dB at 1364 nm (SiOH absorption peak), and rising “water (vapor) peak”
similar to the one shown in Figure 14. Fibers of the same type tested with fusion spliced
SMEF pigtails at both ends, and therefore sealed, exhibited stable loss for 3 months.

The difference is explained by a dramatic, roughly 250:1, difference between the
overlap of optical power distribution with glass parts in each fiber: 0.5-1.0% in HC-PBGEF,
and only 0.002-0.005% (30-50 ppm) in low-loss NANF. The added attenuation was about
24 dB lower in NANF for an identical concentration of water vapor inside.

6.5. Chromatic Dispersion of Gas

The contribution of gas to chromatic dispersion of hollow-core fiber is negligible. For
example, the material dispersion of argon at atmospheric pressure and room tempera-
ture [40] is approximately —0.048 ps/nm-km @ 850 nm, —0.012 ps/nm-km @ 1310 nm and
—0.009 ps/nm-km @ 1550 nm. For comparison, the tolerances of a chromatic dispersion
in a solid single-mode fibers allowed in IEC and ITU-T standards [29,77-79] are up to
£3 ps/nm-km.

7. Selected Properties of HCFs

In this section we present the following unique properties of hollow-core fibers im-
portant for some telecom, datacom, and similar applications, but not described before:
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dimensions and their definitions (Section 7.1), polarization mode dispersion (Section 7.2),
temperature and strain dependence of latency (Section 7.3), and backscattering (Section 7.4).

7.1. Fiber Dimensions

The cladding of solid-core optical fiber performs two functions: prevents the escape of
light from the core and provides the tensile strength and rigidity of the fiber. To perform the
first function in single-mode fiber operating at 1550 nm, cladding must have a minimum
thickness (measured from the border with core) of 24-35 um, depending on the presence of
a “trench” structure around the core; otherwise, an increase in fiber attenuation resulting
from light leakage, and rising exponentially with wavelength, occurs [80].

In hollow-core fibers, “cladding” means a photonic structure performing function (a).
Its mechanical strength is marginal due to the small cross-section of glass parts. Mechanical
strength and hermeticity are provided by a separate layer of solid glass, called “jacket”
(Figure 17). In NANF or DNANFE, the core diameter is the diameter of the largest circle
fitting in the space between the tubes (Figure 17b).

Jacket diameter Jacket diameter

Cladding diameter Cladding diameter

Core diameter Core diameter

Figure 17. Main dimensions of hollow-core fibers: (a) HC-PBGF, (b) NANF.

The diameters of cladding in HCFs designed for transmission in the 1550 nm band are
between 55 um and 100 um. If the HCF is to have tensile strength equal to solid 125 um
telecom fiber made of the same material, the cross-section of its jacket shall equal the total
cross-section of telecom fiber: 12,272 um?.

Estimated cladding diameters of OFS HC-PBGF fibers presented in Section 4.2 and
Section 4.3 and Lumenisity NANF and DNANF fibers presented in Section 5.3 are 82 um
and 90 um, respectively. For tensile strength equivalent to that of a 125 pm solid-core fiber,
jacket diameters of 150 pm and 154 um are required, but the diameters estimated from
photographs and drawings are larger: 220 um and 200 um. The authors suspect that a
thick jacket of preform reduces the deformations of the cladding, especially its outer parts,
caused by surface tension in softened glass during drawing.

7.2. Polarization Mode Dispersion

This parameter is important in telecom fibers for transmission at very high rates and
over long distances. While fiber dispersion can be digitally compensated, this introduces
latency due to signal buffering and processing, and is avoided in low-latency links.
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PMD in solid single-mode fibers can be reduced by the spinning of hot fiber during
drawing, introducing permanent rotation and the periodic reversal of orientation of locally
added components of a differential group delay (DGD), thus preventing the accumulation
of DGD along the fiber. Fiber spinning was developed in 1981 for sensor fibers [81], and
introduced to telecom fibers in 1994 [82,83].

In HC-PBGEF (Figure 4), one source of PMD is the non-circularity of the central cavity,
probably due to the distortion of the preform during consolidation. High PMD observed
in OFS AccuCore fibers (see Sections 4.2 and 4.3) is partly created by the deliberate in-
troduction of a small non-symmetry of the core—ellipticity and local increase in wall
thickness, to eliminate high-order modes at the expense of increasing PMD and PDL [32].
The PMD value for this fiber listed in Table 2 applies to fiber spun during drawing at a
high rate of approx. 100 rev/m, corresponding to a spin period of 10 mm, and placed in an
underground cable of a loose-tube design. PMD in un-spun fiber in the same conditions
was ~55 ps//km, but micro- and macro-bending experienced by the fiber on a 150 mm
diameter spool reduced it to <3 ps/+/km—more effectively than spinning [21,22]. This
behavior of HC-PBGF may spur the development of cables ensuring similar conditions for
fibers inside.

PMD in NANF/DNANF results mostly from the ellipticity of the core, as in conven-
tional single-mode fibers, but another source of PMD exists. Single-mode NANFs with a
number of regularly spaced anti-resonant tubes exhibit some degree of “spill” of mode field
into gaps between the tubes (Figure 18) as “spikes”. If these spikes are not arranged with
a 90° rotational symmetry, one state of polarization will experience transmission latency
different from that of the orthogonal state, resulting in DGD. In typical NANF designs with
5-8 tubes (nested or not), one with 8 tubes exhibits 90° rotational symmetry, while one
with 6 tubes exhibits the largest asymmetry (Figure 19). In fibers with five and seven tubes,
the difference in propagation conditions between orthogonal polarizations is considerably
lower.

I )
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Figure 18. Distribution of power density in non-symmetrical NANF with seven tubes for 2 um band:
(a) false color image, (b) image adjusted to enhance peripheral parts of guided mode at 2 pm.

An NANEF fiber has a structure with 90° rotational symmetry, incorporating eight
tubes shall exhibit lower PMD than fibers with five, seven and, in particular, six tubes
(Figure 19).

However, this mechanism of DGD creation is weak due to the following factors:

e  Minimal interaction of optical power with tubes—only 0.001-0.03% of it is propagating
in the glass, or other solid material the fiber is made of;

e Small angle between the directions of adjacent extreme field distributions [84]: 36°,
30°,25.7° and 22.5° in an NANF with five, six, seven and eight tubes, respectively.



Appl. Sci. 2023,13, 10699

23 of 45

(a) (b) (c)

Figure 19. The 90° rotational (a) symmetry in NANFs: (a) un-symmetrical fiber with six nested tubes,

(b) less un-symmetrical fiber with seven nested tubes; (c) symmetrical fiber with eight nested tubes.
Yellow lines indicate orthogonal polarizations of light.

PMD measured in loose-tube duct cables with Lumenisity NANF fibers was quite
low, 0.29 ps/+/km, and transmission experiments at 400 Gb/s (95 Gbaud) rate and over
distances up to 1128 km performed at BT laboratories were successful [54].

The distortion of mode field increases the loss of splice to conventional single-mode
fiber with a circular mode field, e.g., by 0.08 dB for an NANF with six tubes (Figure 19a) [84].

7.3. Latency vs. Temperature and Strain

The latency of conventional single-mode solid-core fused silica optical fiber is affected
by temperature, due to the thermo-optic coefficient of glass and fiber expansion as well
as the tensile strain in the fiber. Both effects are strongest in aerial cables subjected to a
wide range of temperatures (e.g., —40. . .+70 °C), vibrations, and variable tensile loads from
wind or ice. Fiber optic cables in front haul links at radio sites are predominantly installed
on masts or other structures exposed to the elements and solar radiation.

The common solid SMF conforming to ITU-T Recommendation G.652 [29] shows
a linear increase in latency with temperature; the temperature coefficient of latency is
~37.4 ps/km-K at 1550 nm for Corning SMF-28e+ fiber [30]. The same parameter for an
HC-PBGF with 29.2 um core diameter and 21.4 um MFD was 2.0 ps/km-K [85].

Variations in latency have two sources. One is the increase in fused silica’s refrac-
tive index with temperature, 11-10~°/K, producing a latency change of ~35 ps/km-K.
The second is the change in fiber length with temperature: ~0.55-10~°/K for bare fiber
and ~2.0-107%/K for fiber in 250 um primary coating. Due to the decrease in the glass
refractive index with strain (elasto-optic effect), the relative change of latency is approx.
80% of the applied strain: ~0.44-107°/K (~1.4 ps/km:K) for bare fiber and ~1.6-107/K
(=5 ps/km:-K) for primary coated fiber found in a typical loose-tube cable.

Only the second mechanism of latency variations is observed in HCEF, as the gas inside
has negligible variations in the refractive index with temperature and pressure. Typically,
only 0.003% (30 ppm) of light in NANF propagates in glass [85], and there is almost no
change in the effective refractive index with fiber strain; latency changes almost exactly in
proportion to fiber length. The calculated temperature coefficient of HCF is ~0.55-10~¢ /K
(~1.75 ps/km-K) for bare fiber and ~2.0-107%/K (x6.4 ps/km-K) for fiber in primary
coating, if the glass/polymer cross-section ratio is identical to one in SMF. The low value
reported by Slavik et al. [84] was measured for a fiber in a thin coating, e.g., 10 um thick.

Due to the reasons stated above, SMF subjected to tensile strain exhibits a 20-25%
smaller variation in latency compared to HCF, whose latency is directly proportional to
physical length.

When both SMF and PCF are encased in similar primary coatings made of dual layer
epoxy-acrylate materials, the latency in HCF will be approx. 6 times less sensitive to
temperature (18 times with thin coating), but approx. 1.25:1 more sensitive to tensile strain.
For stable latency, a good protection of HCF against strain and thin coating is desired.



Appl. Sci. 2023,13, 10699

24 of 45

The measurements and modeling of comparative sensitivity of transmission delay to
temperature in SMF-28 and fused silica PBGFs (Blaze Photonics HC-1550-02 and Crystal
Fibre AIR-10-1550), all in typical acrylate primary coatings with outer diameters of 250 pum,
220 um and 270 pm, respectively, revealed similar difference, approx. 4:1 and 5:1 [86]. This
indicates that the sensitivity of the delay to temperature reflects the longitudinal expansion
of HCF in a particular coating, regardless of the type of photonic cladding.

7.4. Backscattering

Light propagating in glass or gas, but not in a vacuum, is subject to scattering due
to the microscopic non-uniformity of the bulk material—the omni-directional Rayleigh
scattering produced by random non-uniformities much smaller than the wavelength (their
dimensions in fused silica are in order of 0.2 nm), or scattering resulting from the thermally
generated surface capillary waves “frozen” after drawing of HCF (see Section 6.2). The
scattering cross-sections of gases is listed in Table 4. In a contaminated HCEF, additional
scattering may by produced by particles of dust, droplets of condensed vapor, or product(s)
of its reaction with silica, deposited on surfaces around core. It may be a Mie scattering, as
such particles have sizes comparable to the wavelength of light.

In solid-core optical fibers, only Rayleigh scattering in fused silica (usually doped) is
observed, and this is the mechanism imposing a low limit on fiber attenuation at wave-
lengths up to 1550 nm. A small part of scattered radiation reflected backwards is captured
by the fiber (ca. 0.12% in SMEF, and 0.5% in 50/125 um MMF) and propagated back to the
light source. Backscattering is detrimental, producing interference in bidirectional data
transmission, noise in analog TV links, feedback and instability in optical amplifiers, or com-
plicating the monitoring and compensation of fiber latency (Section 12.2.1). On the other
hand, backscattering enables researchers to measure fiber attenuation, non-uniformities
and length with optical time domain reflectometer (OTDR). Without backscattering, OTDR
would only be able to detect and locate fiber ends, splices and defects.

The lowest level of backscattering in SMF is approximately —76 dB/m at 1550 nm
for fibers with pure silica core, and about —72 dB/m for typical SMF with a germania
(GeO,)-doped core. In an NANEF, backscattering from fused silica parts of the fiber at the
same wavelength is very low, about —115 dB/m [48,87], because only 0.001-0.03% of light
interacts with glass parts of the fiber and the fiber acceptance angle is smaller than in
SMF (NA = 0.02-0.03 vs. ~0.14). With backscattering intensity ca. 40 dB lower, OTDR
measurements of NANFs would be almost impossible, as this difference nullifies the OTDR
dynamic range available at <20 m resolution: 15-25 dB one-way, or 30-50 dB of intensity
difference.

The situation is changed by the gas in the core. In a typical NANF filled with dry air
at a normal atmospheric pressure, the intensity of backscattering is approx. —100 dB/m, ca.
25 dB below that in a typical SMF [87], just enough to allow for OTDR measurements in
NANTF fibers of medium lengths, e.g., 10 km. The Doppler effect in air at room temperature
causes the spectral widening of backscattered light by some 500 MHz [88]. This broadening
does not affect ordinary OTDR with a receiver responding to the intensity of the returning
light, but OFDR with a narrowband receiver fails to detect the backscattering from gas.

As presented in Section 6.3, the type and pressure of filler gas affect the intensity
of backscattering in an NANE. Vacuum NANF would produce almost no backscattering,
being perfect for bidirectional transmission, but very difficult to test with OTDR.

In HC-PBGTF, scattering at surface capillary waves, negligible in NANF, dominates
(Section 6.2). In a fiber with small, “7-cell” core, e.g., NKT Photonics HC-1550 (Figure 4,
Table 1), backscattering is quite strong, with approximately -77 dB/m estimated for a
perfect fiber, and -60 dB/m measured in real fibers [87]. When the core is larger, ~30 um
diameter or “19-cell” size, scattering is weaker, but still allows for measurements with
typical OTDR [89].
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8. Theoretical Analysis and Simulations of Hollow-Core Fibers
8.1. Models

Anti-resonant hollow-core fibers (AR-HCFs) are cylindrical waveguides in which the
refractive index of the core is smaller than that of the surrounding cladding. Thus, the
propagation mechanism of keeping the mode field in the fiber’s core cannot be explained by
the total internal reflection (TIR) phenomenon as in conventional step-index single-mode
fibers. On the other hand, what distinguishes AR-HCFs from HC-PBGFs is that the former
do not have a periodic cladding, which determines the existence of a photonic band gap
that traps the propagating light in the core. Thus, considering the guiding mechanism, the
AR-HCEF fiber can be treated as a kind of leaky mode HCF.

Over the years, much effort has been put into developing models that can explain
the propagation mechanism in leaky mode HCF fibers. The most commonly used are the
Marcatilli and Schmeltzer model, the anti-resonant reflecting optical waveguide (ARROW)
model and the coupled mode model.

In 1964, Marcatilli and Schmeltzer published the pioneering analytical studies on
the mode properties of a circular hollow-core dielectric waveguide. In their model, the
air-filled core was surrounded by infinite homogenous absorption-free cladding of a higher
refractive index. In this structure, regardless of the incident angle, only the partial reflection
occurs at the boundary between the core and the cladding. Thus, the fraction of optical
power radiates into the cladding, which causes the mode attenuation. The imaginary part
of derived propagation constant 'y represents the loss coefficient of the analyzed structure
and is given by the following formula [90]:

otnm = Im(y) = (um /270)° - (\*/r°) - Re(vy) ®)

where uy, is the m-the zero of the Bessel function J;_1(uj,), 1, and m are radial and
azimuthal number of modes, A is wavelength, n and r are core refractive index and radius,
respectively, and vj is the constant for different (TE, TM and EH) modes that depends on
the refractive index of the cladding material. Using the Marcatilli and Schmeltzer model, it
is also possible to calculate the bending loss according to the following formula [91]:

anm(R) = (12 /A?R?) - Re(Vim) ©)

where R is the bending radius and vy, is mode dependent constant. It is worth noting the
limiting usefulness of the above model when real a AR-HCF fiber is analyzed. Formula (6)
does not consider the multiple reflections of leaky modes on a complex cladding structure,
which also affects the fiber mode attenuation. Moreover, the model does not support an
analysis of the cladding modes.

In order to explain the mentioned multiple reflections, an anti-resonant reflecting
optical waveguide (ARROW) [91] was proposed and was successfully verified to analyze
the light transmission in HCF [92]. In this model, the analytical formulas for resonant wave-
lengths (2) and anti-resonant wavelengths (3) are given and allow for the determination
of the spectral bands where mode leakage is enhanced and where the propagating light
is well confined in the core area, respectively. The multiband structure is similar to that
obtained for the transmission spectrum in Fabry—Perot resonators. The ARROW model
is based on the ray-optics approach, and the transmission bands can thus be accurately
predicted when the t >> A condition is satisfied.

To consider the energy transfer between the core and the cladding modes, the coupled
mode model was proposed. If the finite complex structure of the fiber cladding is assumed,
then that high loss spectral regions result from the coupling between core (airy) modes
and dielectric modes. This approach was used and numerically validated by Vincetti and
Setti [93]. Numerical results show that the coupled mode model is able to analyze the loss
and dispersion properties of the HCFE, and enables a better understanding of the influence
of fiber geometry on the propagation properties of the waveguide.
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8.2. Simulation Tools

In recent years, most of the numerical analysis of guidance mechanism of AR-HCF
has been based on full-vector finite element method (FEM) using the commercial soft-
ware COMSOL Multiphysics. Alternative tools are FEM-based Femlab [46,47] and finite
difference eigenmode (FDE) solver-Lumerical® MODE Solutions [65]. In order to effi-
ciently and accurately simulate HCFs using the FEM model, it is important to carefully
optimize both computational mesh, particularly sizes of finite elements, and a perfectly
matched layer (PML)—an artificial, non-reflective and totally absorbing layer, allowing for
the truncation of computational regions while simulating the propagation in HCF with a
transparent jacket.

The mentioned solvers enable the calculation of the mode field distribution of in-
dividual fiber modes, their propagation losses—including higher-order mode extinction
ratio (HOMER)—the measure of the single-modedness of the fiber (all HCFs for telecom
networks and data transmission shall be single-mode, but ensuring this property in HC-
PBGEF is challenging—see Section 4.2), and group-velocity dispersion (GVD), a parameter
which can be converted into the chromatic dispersion (CD) coefficient of the fiber. All those
parameters are wavelength-dependent.

9. Manufacturing of Hollow-Core Fibers
9.1. Materials

Hollow-core fibers of PBGF, Kagome and ARF types are made of one material, usually
chlorine-dried pure fused silica, which is strong, dimensionally stable, resistant to humidity,
non-toxic, and proven in solid-core fibers. High-purity fused silica tubes for optical fiber
production are commercially available [68].

Alternative materials include chalcogenide soft glasses for mid-infrared applications,
and several non-crystalline polymers, in particular, PMMA [64].

Polymers, however, have the following disadvantages:

High gas permeability, allowing for the migration of contaminants into the fiber;
Outgassing of unreacted monomer, water, etc.;

Absorption of water from air;

Lack of stiffness: Young moduli of fused silica and PMMA are 72 GPa and 2.9 GPa,
respectively. A 125 pm or 200 um plastic fiber is too soft to manually handle.

9.2. Stack-and-Draw

This is the standard method for making HCFs and other microstructured fibers. The
central part of fiber preform (the future photonic cladding) is assembled from glass capil-
laries with a 1-3 mm diameter and thin rods, drawn previously from larger, commercially
available tubes, rods or plates, and consolidated via heating. This assemblage is drawn
into a “cane”, and jacketed with another glass tube. Complete preform is heated in electric
furnace and drawn into the fiber, with polymer protective coating(s) applied [94].

Preforms for drawing NANFs and similar fibers have few parts, all of which are tubes:
7-26 for fibers with 5-8 single, nested or double-nested tubes, and one or two jacketing
tubes. For comparison, the number of parts required to assemble a preform of HC-PBGF
fiber like OFS AccuCore [28] or NKT HC-1550-02 [35] (Figure 6) is close to 300, resulting in
substantial labor costs. The situation is similar for Kagome fibers (Figures 2 and 11).

A big problem in the fabrication of fibers including hollow cavities is the tendency of
hot, softened glass to close such voids due to surface tension, with smaller voids shrinking
faster and closing first. Non-circular tubes in some recently proposed ARFs with reduced
confinement loss (Section 5.3, Figure 15) will likely lose their original shape.

During the consolidation of HC-PBGF preform the same phenomenon re-shapes the
original assembly of round tubes into a network of (mostly) hexagonal cells constituting
the photonic bandgap structure in an HC-PBGF fiber.

To prevent the deformation or collapse of tubes during the consolidation of preform
and drawing of fiber, or sticking of tubes in ARF fibers, they must be selectively pressur-
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ized. The typical overpressure inside holes during drawing of a ~200 um fused silica
NANF with a relatively large tension of 4 N (increased tension reduces distortions of fiber
geometry) is 15 kPa, or 15% of sea level atmospheric pressure [95], while the tolerance of
this overpressure is <0.1 kPa [89]. A serious problem in drawing of NANFs is mid-draw
contact between the tubes in the zone where the softened preform just begins to reduce its
diameter, and the gas pressure dominates over the surface tension. As a result, the tubes
expand too much, permanently sticking to each other and losing their circular shape when
an attempt to make a fiber with closely spaced tubes (and reduced confinement loss) is
made. The prevention of the deformation or sticking of tubes is described in [95].

The stack-and-draw process, while flexible, is slow due to the careful manual assembly
of a preform followed by multi-stage consolidation and drawing. Low manufacturing rates,
high costs, and variability in the dimensions are the result. These issues can be addressed by
automation, in particular, stacking using a robot, and the application of artificial intelligence
to identify irregularities via image analysis and perform corrective actions.

9.3. Extrusion of Preform

Most soft glasses can be extruded at temperatures below 400 °C. Certain pairs of soft
glass and heat-resistant polymers, like PEI or fluorinated ethylene-propylene (FEP), have
similar melt temperatures and can be co-extruded to make a preform, later drawn into
a fiber with protective coating in a single operation. Similar materials were used in the
past to make Bragg fibers—see Section 3. AREF fibers from soft tellurite glass (70%TeO,-
13%Zn0-10%Ba0-7%K,0) for power delivery at mid-infrared wavelengths, exhibiting a
loss of 4.8 dB/m at 5.5 um, were reported [96]. In this case, the preform with FEP coating
was extruded at 340 °C.

The extrusion of a fused silica preform would require a temperature in the order of
1500 °C. Basalt fibers, used in tensile strength members of fiber optic cables, are successfully
fabricated via the extrusion of molten basalt rock through platinum-rhodium bushings at
similar temperatures: 1400-1600 °C [97]; therefore, the adoption of this method for making
preforms of NANF fibers appears to be possible. Dopants decreasing fused silica viscosity,
like titania (TiO,), can reduce the required extrusion temperature.

The extrusion process for honeycomb-structured ceramic and glass products was
developed and patented by Corning Glass in 1974 [98], but it is used in the production of
ceramic inserts for automobile catalytic converters, not optical fibers.

9.4. Sealing of Fiber

To prevent the entry of moist air, the infiltration of liquid water when the outdoor
cable is cut—up to 9 m when water pressure at typical cable laying depth of 0.6-1.2 m is
considered (Section 6.4)—or the collapse of cladding during fusion splicing (Section 10.2),
HCEF shall be specially treated within minutes after drawing by following the steps below:

Sealed at both ends by fusion for storage before next steps;

Pumped with dry inert gas, like nitrogen or argon to elevated pressure;
Tested, e.g., with OTDR, within minutes;

Sealed at both ends by fusion for storage and shipping.

9.5. Reduction in NANF Attenuation

The lowest attenuation reported for NANF (0.22 dB/km @ 1625 nm, [49]) and DNANF
(0.17 dB/km @ 1550 nm, [13]) is comparable to that if solid-core SMFs operating at the same
wavelengths [30,31]. However, it is not lower. While theoretical predictions of confinement
loss give values <0.001 dB/km [48,50], there are other loss mechanisms presented in
Sections 6.2 and 6.3, primarily:

1.  Leakage of light due to imperfections in cladding;

2. Surface Scattering Loss (SSL), typically 0.02-0.05 dB/km;
3. Microbending loss—specific to each fiber design;

4. Absorption by water vapor and other gas contaminants.
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The lowest possible attenuation was estimated at ~0.05 dB/km [61], unless a new
design of NANF with reduced power density at the cladding inner surfaces to reduce the
SSL appears.

Recommended solutions in manufacturing may include the following: (a) tighter
control of geometry of capillaries to reduce confinement loss; (b) flushing newly drawn fiber
with inert gas free of water vapor, methane, propane, and other absorption-inducing gases;
and (c) thicker, two-layer (soft/hard) protective coating to minimize fiber microbending
in cables.

10. Splicing and Termination of Hollow-Core Fibers
10.1. HCF in the SMF World

Hollow-core fibers in the near future will be connected to active and passive devices:
transmitters, receivers, amplifiers, distribution frames, WDM multiplexers, etc., with optical
ports designed for solid-core SME, and two types of fiber splices will be necessary:

e  HCF-HCEF splices between cable sections, and for repairs;
e  HCF-SMF splices at both ends of optical path, mostly to pigtails with SMFs.

Making low-loss splices of these two types is considerably different.

Single-mode HCF with MFD = 17-24 um is not compatible with the 50/125 um
OM2/3/4/5 graded index multimode fibers [66] widely used in data centers, LANs and
computer systems, primarily due to the high splice loss in the MMF-HCF direction.

Low-latency cables with single-mode HC-PBGF and NANF fibers are currently termi-
nated with SMF pigtails at the factory [28,99] (Figure 20), while HCF-HCEF joints between
cable sections in long links are fusion splices. Both ends of HCF are sealed by these fusion
splices and not accessible—the user only handles connectors with SMFs.

Pigtail 1 @ Pigtail 2
SMF SMF
(a) mE—X (—>—mm
Splice Splice
Pigtail 1 HCF Pigtail 2
SMF < IMF < < IMF < SMF
(b) K —X K —XK |
2 Splices 2 Splices

Figure 20. HCF cable with SMF pigtails: (a) version with single splices; (b) version with double
splices, and short intermediate MFD fiber (IMF) inserted in the middle.

10.2. Common Issues

HCF-HCF and HCF-SMF splices shall meet the following requirements:
Low insertion loss, preferably <0.25 dB;

Low reflectivity, preferably <—40 dB;

Hermeticity to prevent the contamination of HCF (Sections 6.3 and 6.4);
Mechanical strength and long-term reliability (>20 years).

The cladding of HCFs includes photonic structures with thin walls, down to ~0.4 um,
and numerous holes or tubes with a diameter in the 5-75 um range. A delicate photonic
bandgap or tubular structure is prone to collapse during arc fusion, when the glass is
softened and flows, and gas pressure rapidly increases. A short fusion time like 0.1-0.3 s,
and carefully controlled power are mandatory [100]. There is a compromise between splice
loss, rising with the length of collapse, and mechanical strength, best when the interface
between fibers is fully fused [101].

Damage to photonic cladding can reduced via the following steps:

e  Shortening the fusion time to ~0.2 s so that heat does not fully penetrate the fiber’s
cladding;
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Reducing the arc power and current to 50-70% of value for solid-core SMF;
Sweeping the arc along certain length of fibers to reduce inner temperature;
Applying overpressure in all voids in the cladding.

For example, splicing NKT Photonics HC-1550-02 HC-PBGEF fiber [35] (see Table 1,
Figure 6) with a 125 pm jacket diameter to conventional SMF-28 fiber on an Ericsson FSU
975 fusion splicer with ~1 mm electrode gap required pre-fusion and fusion currents of
5 mA (for 0.2 s) and 9 mA (for 0.3 s) [102], corresponding to a discharge power of ~2.5 W
and ~4.5 W, respectively (only a part of this power is transferred to fused fibers), while
currents recommended by the manufacturer for splicing two solid SMF fibers on the same
machine were 10.5 mA (for 0.3 s) and 16.3 mA (for 2 s), respectively [103].

The fact that currently manufactured HC-PBGF and NANF fibers intended for data
transmission and telecom networks have larger diameters, >200 um (Tables 2 and 3), and
require a higher arc power (approximately proportional to cross-section of glass jacket)
is beneficial for fusion splicing, because a high-frequency AC electric arc at normal air
pressure becomes unstable at currents below 5 mA. Otherwise, the only solution would be
to use costly low-pressure arc fusion splicers or filament splicers.

Current settings adequate on a particular arc fusion splicer are generally not transfer-
able to machines of a different type because the power generated by the arc is proportional
to the voltage drop, which changes with the gap between electrodes at a rate of approx.
500 V/mm. This gap varies roughly between 1 mm and 5 mm, depending on whether the
machine is designed for splicing 3 mm wide 12-fiber fiber ribbons, or only single fibers.

Advanced fusion splicing machines designed for a wide array of specialty fibers, like
FITEL S184PM-SLDF ver.2 or more affordable S183PMII [104], have factory programs for
splicing HCFs, rotational alignment, and even automatic adjustment of fusion parameters.
Nevertheless, the user must be ready to experiment to find the best settings, dependent, in
particular, on fiber diameter and jacket thickness. As most HCFs have a diameter larger
than 200 pm, a large diameter cleaver is needed.

The cleaning of cut, but not sealed, HCF with a liquid solvent (isopropyl alcohol,
acetone, etc.) is forbidden, as the solvent would impregnate all voids and the fiber would
lose its properties. Cleaving and splicing shall be conducted in dust-free, low humidity
environment, because a low pressure inside fiber [69,70] would lead to the suction of dust
and wet air inside and increase the fiber loss—see Sections 6.3 and 6.4. Other solutions are
different for HCF-HCF and HCF-SMF splicing.

Arc fusion splicing is applicable to fused silica fibers only. Filament splicing can also
be used for joining soft glass fibers. For fibers made of polymers like PMMA, hot-melt
gluing or mechanical splicing can be used.

10.3. Splicing HCF to HCF

When the spliced HCFs are identical, there is no Fresnel reflection and added loss due
to MFD mismatch, described in Section 10.4. The main problem is reducing the length of
the collapsed cladding and the resulting escape of light. The destruction of cladding can be
prevented by using the “tack-sweep-pulse” arc fusion splicing technique, with the melting
of glass only to a certain depth [105,106]. This method also works for splicing fibers of
dissimilar diameters, like HCF and SME, but requires fitting a fusion splicer with additional
devices.

Butt-coupling without fusion can produce a zero-loss splice with proper fiber align-
ment and sealing of the joint. A possible solution is presented in Section 10.5.

To minimize splice loss, fibers shall be rotated with respect to each other prior to fusion
for maximum power transfer. This is because commercial HC-PBGF fibers deliberately have
non-circular cores and/or small “shunts” (Figure 5) to suppress undesirable propagation of
higher-order modes [32], while NANF fibers with few tubes and gaps between them have
a non-circular mode field (Figure 12b). However, the improvement during NANF splicing
is limited: Suslov et al. estimated the loss of the connection of six-tube NANF to SMF with
an identical MFD, but full radial symmetry, to be 0.08 dB [84].
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10.4. Splicing HCF to SMF

In terms of reducing the collapse of the cladding in HCF, HCF-SMF fusion is easier
than that of two HCFs, because the arc can be offset from the fiber’s contact plane, directing
most of the heat towards the solid fiber free of voids prone to collapse. This arrangement
reduces the maximum temperature and damage in the HCF, and its efficiency has been
proven with a large variety of microstructured fibers [101,107].

Zhu et al. [100] spliced SMF to NKT HC-1550-02 HC-PBGF [35] using a conventional
arc fusion splicer by pumping pressurized nitrogen into HCF, completely preventing the
collapse of the photonic cladding at 165 kPa internal pressure; however splice loss was
still high, 1.05 dB, despite HCF and SMF-28 having a similar MFD: 9.0 pm and 10.5 pm,
respectively.

The rotational alignment of fibers is not required due to the radial symmetry of SMF.
However, the parameters of splice between HCF and SMF are degraded by:

e  Fresnel reflection;
MFD mismatch of fibers (see data in Tables 2 and 3).

Fresnel reflection at the interface between media with refractive indices n; and n,
introduces the following return loss RL and reflection-related insertion loss ILg:

RL = —20log[(n; — np)/(n; + ny)], (10)

ILg = 10log{1 — [(n; — ng)/(ny + n2)]*} [dB]. (11)

For a butt-coupling between cleaved HCF (n.s ~1.005) and SMF (ng ~ 1.465) with
identical mode field diameters, we obtain RL = 14.60 dB and IL = 0.15 dB.

When two fibers with different mode field radii w; and w, are joined with perfect
alignment, the joint exhibits MFD-related component of insertion loss ILyy:

TLy = —20 log [(2w; wa)/(w? + w?,)] [dB]. (12)

ILy rises super-proportionally with the MFD ratio, as shown in Figure 21. When it is
high, such as 2:1, which is typical when splicing SMF to NANF (Table 3), it is beneficial
to insert a short length of fiber with intermediate MFD and make two splices instead of
one (Figure 20b). While a single splice between fibers with 1:2 MFD ratio has the lowest
loss, 1.94 dB, two splices between fibers with a 1:1/2:2 MFD ratio have a combined loss of
2-0.51 =1.02 dB.

ILpp can also be reduced via the thermal expansion of SMF core at the tip to be joined
with HCF by prolonged heating to cause a diffusion of the GeO, dopant into areas adjacent
to the core, thus increasing the core’s diameter and the fiber’s MFD [33].

Both components of insertion loss add up: IL = ILg + ILj.
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Figure 21. Splice loss component ILy; as function of MFD ratio of spliced fibers (w1 /wy).

There is work on other techniques like the insertion of graded index (GRIN) lens
between cleaved fibers, and fixing fibers via gluing instead of fusion. Komanec et al. [108]
reported a joint loss as low as 0.30 dB between Corning SMF-28 (MFD = 10.4 um @
1550 nm) [30] and HC-PBGF (31.4 um core diameter, MFD = 21.1 um @ 1550 nm) fibers
with an MFD ratio of 1:2.03. A 0.295 mm long GRIN lens made of 62.5/125 uym OM1
multimode fiber, with anti-reflection coating, served as mode size converter, with its length
being critical. Its reflectivity was <—30 dB. The same team later joined SMF-28 fiber to a
six-tube NANF (MFD = 24 um) in a similar way, achieving a loss as low as 0.16 dB [84], of
which half was attributed by the authors to the non-circular shape of the mode field in the
NANEF (Figure 18). This time, the GRIN lens was made of 50/125 um OM2 multimode fiber.
Reflectivity was reduced below —40 dB over a 60 nm bandwidth. Another MFD adaptation
technique successfully tested was the inclusion of a short length of commercially available
SMF-28 fiber with a core thermally expanded to MFD = 24 um; the loss of joint was 0.21 dB.

10.5. Glass Sleeve Fusion Splicing

The destruction of HCF cladding during fusion splicing can be avoided, and splice
hermeticity can be ensured in the following method invented by the authors (Figure 22).

First, a short (~0.6-1.0 mm) capillary made of hard borosilicate glass like Pyrex
7740 [109] or other glass with a low thermal expansion coefficient is placed around one
of the cleaved fibers to be spliced. Suitable capillaries are available commercially [110].
Next, the fibers are aligned (Figure 22a), later butt-coupled and (optionally) partly fused
at a temperature sufficiently low to avoid damage to the cladding (Figure 22b). After this,
the capillary is moved to cover the fiber contact location (Figure 22c). In the final step, the
electric arc melts this capillary, heating it to approx. 1150 °C, and making it adhere to the
jackets of both fibers (Figure 22d). This temperature is low enough to avoid the deformation
of the fine structures in the fused silica fibers. To improve the adhesion between borosilicate
and fused silica glasses, and reduce residual strains, fusion shall be followed by annealing
the splice at approx. 600 °C.

Borosilicate and fused silica glasses have similar Young moduli: 64 GPa and 72 GPa;
therefore, the glass cross-section of sleeve shall be similar to the jackets of the fibers. The
finished splice will have a diameter small enough (<400 um for 250 um HCFs) to fit in
standard heat-shrinkable fusion protectors designed for fibers in 900 pm buffers. Arc offset
may be required when splicing SMF to HCF of different diameters to optimize the flow of
borosilicate glass.
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Figure 22. Fusion splicing of two HC-PBGF fibers with molten glass capillary: (a) fiber alignment,
(b) push and (optional) low-temperature fusion without deformation of photonic cladding, (c) sliding
of glass capillary over fiber contact location, (d) melting of glass capillary.

11. Transmission Performance of HCFs

As the commercial deployment of HCFs, with the exception of high-speed trading
data links usually operating at a rate of 10 Gb/s [54], is yet to happen, we review the
transmission experiments reported in literature and estimate the limits imposed by the
fiber parameters.

HCFs and cables with them are available in short lengths: 1-11 km [89,111]; thus,
transmission at longer distances is tested in recirculating the loop comprising length(s) of
HCF and EFDA amplifier(s) compensating for the loss of fibers and passive components.
In all experiments mentioned here, the operating wavelengths were within the 1550 nm
window (C Band).

11.1. HC-PBGF

The record parameters reported by Kushnerov et al. [111] for a 1550 nm single-
wavelength DP-QPSK link with a 19-cell HC-PBGEF (single core, no shunts) were 100 Gb/s
(excluding FEC) at a distance of up to 55.8 km, and 40 Gb/s up to 74.8 km, with pre-FEC
BER <5 x 1072 in both cases. The transmission distance was limited by the interference
from crosstalk between the modes. In a real network, the length of un-repeatered data link
with low-loss HC-PBGF fiber (3 dB/km + 2 x 1 dB for HCF-SMF joints at both ends, see
Sections 10.1 and 10.4) transceivers with a 28 dB loss budget and a 2 dB loss margin would
be loss-limited to 8 km. This may suffice for fronthaul links in 5G radio networks, but
not for typical telecom networks, even in a medium-sized town. Additionally, the latency
added by FEC would possibly exceed the reduction in latency in the fiber (Section 12.1.2).

Mangan et al. [22] conducted a DWDM transmission test over 3.18 km long HC-PBGF
fibers with six shunts (OFS AccuCore) in installed duct cable, sending 10 Gb/s channels at
33 wavelengths from 1545.32 nm to 1558.17 nm with a spacing of 50 GHz. The transceivers
used NRZ line code without FEC to minimize the link’s latency. BER was 10~!° for all
channels, but attempts to add more channels at adjacent frequencies resulted in error floor
due to the rise in fiber dispersion (CD or PMD) at wavelengths close to the edges of its
narrow low-loss band (Figures 4 and 8). AccuCore fiber is presented in Sections 4.2 and 4.3.

The second experiment appears to reflect the best applications for HC-PBGF fibers,
single-channel or low-capacity WDM links spanning short distances (<4 km) and oper-
ating at medium data rates without FEC, for latency-sensitive applications. Considering
the fact that (a) the experimental link was dispersion-limited, and (b) the peculiar char-
acteristics of chromatic dispersion of fiber used (Figure 8), one can expect much faster
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single-channel transmission, e.g., 100 Gb/s, at short distances like 200 m. This is enough
for most connections in a data center, LAN or campus network.

11.2. NANF

The technical data of the fibers (Table 3) suggest that NANF/DNANFs can compete
with SMFs in metro/core networks, especially in large-capacity, long-distance DWDM
networks where the elimination of nonlinear effects and the extension of the bandwidth
are desired.

This has been confirmed by several DWDM transmission experiments summarized
in Table 5. First, Nespola et al. built DWDM links with channels with a relatively low,
25 Gb/s, data rate in 2019-2021 [112-114]. In 2021, a successful transmission at 400 Gb/s
and 800 Gb/s channel data rates was reported [54,115] using off-the-shelf commercial
transceivers. Maximum transmission distances at 400 Gb/s satisfy the requirements for
national core networks in most European countries, approx. 500-1500 km. However, new
active equipment and WDM filters will be needed for networks operating at wavelengths
beyond the L Band and up to ~2100 nm—see Sections 6.2, 12.3 and 13.1.

Table 5. Summary of DWDM transmission experiments with NANF fibers in the C band.

DC;ZI}?;L Number of  Aggregate Data Line Channel Minimum Reach Year Ref.
[Gbls] Channels Rate [Tb/s] Code Spacing [GHz] [km]
25 61 1.525 PM-QPSK 50 341 2019 [112]
25 61 1.525 PM-16QAM 50 125 2019 [112]
25 61 1.525 PM-QPSK 50 618 2020 [113]
25 41 1.025 PM-QPSK 50 2760 2021 [114]
400 38 15.2 DP-16QAM ! 100 10.252 2021 [115]
400 63 25.6 DP-16QAM 3 75 1128 2021 [54]
800 47 38.4 No data 100 126 2021 [54]

! Acacia 400G ZR tunable pluggable modules; ? Test without signal recirculation; 3 Ciena WaveLogic 5 Nano
400ZR QSFP-DD coherent pluggables WL5n; 4 Ciena WaveLogic 5 Extreme 200-800G coherent optics WL5e.

Two important observations:

e  The transmission distance was, in some cases, limited by Inter-Modal Interference
(IMI) resulting from the coupling of optical power between the fundamental mode and
higher-order modes. While a five-tube NANF with high attenuation of higher-order
modes [54,114] improved the situation, the problem is not yet fully solved.

e  The practical absence of Stimulated Raman Scattering (SRS) eliminated the transfer
of optical power from short wavelength channels to long wavelength channels in
wideband DWDM links, e.g., from C band to L band [113,115].

11.3. Fiber Ratings

Can a single figure of merit for the use of HCF in networks be defined?

In our opinion, no, primarily due to different line codes and bit rates of transponders
in use and in development. For example, dispersion is critical at high bit rates (>200 Gb/s),
but not at low/medium ones, e.g., 10 Gb/s. The quality of HCF is best presented as a
latency—-attenuation—dispersion triangle (Figure 23a), but weights given to each parameter
vary. In DWDM networks, low-loss bandwidth and nonlinearity are two additional criteria
for fiber evaluation (Figure 23b).

NANF or DNANF is best in terms of transmission properties, while the advantages
of HC-PBGF over SMF are limited to low latency and a superior radiation resistance.
HC-PBGFs can replace graded-index multimode fibers in short links for medium bit
rates (10-100 Gb/s) if low latency or radiation hardness is required. FEC and dispersion
compensation can increase the bit rate and reach [111], but adds an unacceptable latency
(Section 12.1.2).
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Figure 23. Simplified comparison of SMF, HC-PBGF and NANF properties important for applications
in (a) low-latency single-wavelength links, data centers, etc., (b) high-capacity core or metro DWDM
networks. Larger distance from center indicates better properties, e.g., lower attenuation.

12. Applications of HCFs in Networks and Systems

The current use of HCFs is mostly restricted to technical trials by operators including
BT and Comcast. The exception are short data links for HST firms (Section 12.1.3).

Below, we review some applications of HCFs where their unique properties can sub-
stantially improve system performance, sorted by the following advantageous properties:

e Low latency (Section 12.1);
e  Stable latency (Section 12.2);
e  Wide bandwidth, low nonlinearity, and high-power capability (Section 12.3).

12.1. Low Latency Applications
12.1.1. Reduction in Latency by Using HCF

The effective refractive index (ne¢) of HCFs is seldom reported. The estimated values
for HC-PBGF and NANF fibers are 1.005-1.010, and 1.001-1.003 at 1550 nm, respectively.
Solid-core single-mode fibers [30,31] have n¢ in the 1.460-1.470 range, with the lowest
values in Pure Silica Core Fibers (PSCF) covered by ITU-T Recommendation G.654 [78].

The latency of HCF equals 68-69% of the latency in SMF; a typical difference per unit
length is 1.53 ps/km. HCF has a similar latency advantage over twisted pair and coaxial
cables with solid insulation made of low-density polyethylene (LDPE).

If the network is latency-limited, the replacement of solid-core fiber with HCF can
increase the reach by ~45%, and the area covered by network from a single site by ~100%,
bringing in savings on facilities (e.g., edge data centers in a 5G network), equipment,
and power.

In latency-sensitive applications, ne¢ is not the only parameter of importance. Ex-
cept for transmission over short distances (how short depends on the bit rate and line
code), when the accumulated loss and dispersion (CD and PMD) are within the limits for
“streamlined” transponder without time-consuming signal processing like FEC, dispersion
compensation, large constellation coding/decoding, etc. (Section 12.1.2), the loss and
dispersion can force network designers to adopt measures increasing the latency of data
link and ultimately losing the low latency advantage of HCF, including the following:

e Adding amplifiers or repeaters to bridge excessive loss;
e Activating dispersion compensation to avoid errors;
o Activating FEC, if errors are still experienced.

When a minimum latency at all costs is the goal, for example, in HST (Section 12.1.3),
the most effective solution is adding regenerators with the simplest signal path inside.
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12.1.2. Latency in Transponders

The advantage of HCF as a low-latency transmission medium will be lost when high
dispersion or interference from higher-order modes degrades the signal received and
Forward Error Correction (FEC) is employed, introducing latency due to signal processing.

There are multiple variants of FEC. For example, the use of the Reed-Solomon (544,
514, 15) GF(210) code known as KP4 FEC (with “hard” decision) introduces latency of up to
200 ns in transponders with 25 Gb/s streams on each optical carrier and of up to 100 ns in
devices with 50 Gb/s streams [116]. This corresponds to latency saved by installing 130 m
and 65 m of HCF, respectively, and negates the advantage of HCF in a data center or similar
facility if other transponders working over conventional fiber without FEC are available.

Latency introduced by optical transport network (OTN) equipment carrying 10 Gb/s
and 100 Gb/s streams is considerably larger due to extensive signal processing. According
to report of tests performed at ADVA [117], latency introduced by a 10 Gb/s transponder
with RS (255,239) FEC per ITU-T G.709 standard was 6.3 ps with FEC and 2 us without
FEC for one-way transmission. Additional functions required in OTN networks add some
5 us of latency in a 10 Gb/s transponder. The latency of a 100 Gb/s transponder 100 Gb/s
utilizing newer type of FEC with “soft” decision (SD-FEC) varied within the 5.4-7.3 us
range depending on number of iterations set; the latency can be reduced at the expense
of a less effective error correction. The latency introduced by these transponders is in the
2-15 us range, equal to latency saved by the deployment of an HCF cable 1.3-10 km long.

For latency-critical applications like in data centers, dedicated 10 Gb/s transponders
were developed, where FEC and other latency-generating functions like management
channel are absent, or can be deactivated [118]. Certain 10 Gb/s transponders from the
Infinera XTM family have their latency reduced to 4-10 ns.

12.1.3. High-Speed Trading

Electronic stock and mercantile exchanges attracted a special category of traders who
built automatic “High Speed Trading” systems with lower latency 10 Gb/s connections
to data centers of stock exchange operators than their competitors. The two-way latency
advantage of less than 10 s, corresponding to 1 km of SME, is enough for a systematic
winning of transactions [119-121]. Data centers serving main exchanges in the U.S., located
in the Chicago and New Jersey/New York City areas, are separated by distances exceeding
1200 km, and reducing latency by 0.1% is enough.

The distances between exchanges in Chicago, NYC, London and Frankfurt, measured
along geodesic lines, are about 1330 km, 5570 km and 640 km, respectively. Two-way
latencies in an ordinary fiber optic network, NYC (data centers in New Jersey)—Chicago
and NYC—London, are about 16 ms and 73 ms, respectively. The latencies in dedicated
fiber links with straightened routes, and without aerial cables and fiber-based dispersion
compensators, dropped to 13 ms and 59 ms, respectively. Several such links were built.
Hibernia Express built a low-latency link from NYC to London, with a 4600 km long
submarine segment and supporting 100 Gb/s services, which was activated in October 2015.

Next came microwave systems: the first Chicago—NYC radio link, activated in March
2011, had a two-way latency reduced to 8.5 ms. In April 2020, there were nine such
systems. The fastest one, working in the 11 GHz band, had an estimated two-way latency
of 3961.71 us, the second one of 3962.09 us (0.38 us more, corresponding to a difference
in route length of just 114 m, or 0.0085%) [122]. Cables with hollow-core fibers followed,
although only in short feeder links to data centers of the exchanges in New Jersey and
London: first with OFS AccuCore HC-PBGF in 2020 [123], and then with Lumenisity NANF
in 2022.

12.1.4. Data Centers and Computers

The number of fiber optic data links in a large (hyperscale) data center can exceed
a million. The total length of fibers in such a facility, assuming a 10 m average length
of a patch cord (most connections are within a single rack or row of racks) and duplex
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connection with 2 fibers, is 20,000 km or more. Actual link lengths vary between 2 m
(intra-rack connections) and 200-400 m (cable bundles linking distant rows and sections
of facility). Short- and medium-length connections, up to ca. 200 m, are carried out with
50/125 pm OM3 or OM4 multimode fibers [66]. Longer ones include single-mode fibers
conforming to the ITU-T G.652.D [29] (sometimes G.652.A /ISO OS1 instead) or G.657.A [79]
standards.

Besides short links and large number of connectors, another peculiarity of data centers
and supercomputer facilities is their large proportion of cables terminated with multi-fiber
connectors, mostly of MPO type with a capacity from 12 to 64 fibers, employed for duplex
parallel data transmission. Data centers builders are large buyers of fiber optic cabling,
predominantly as factory-assembled patch cords, bundles and fanouts; more than 80% of
fiber optic connectors are installed in data centers, not in telecom networks.

A recent presentation of a Google engineer during OFC-2021 [124], known only from a
short summary, included an estimate that latency in cabling between blocks and subsystems
in a large data center reduces its throughput by 20-25%. The replacement of current fiber
optic and twisted pair data cables with HFC cables and a reduction in latency by ~31%
shall increase throughput by ~8% with the same equipment and power consumption, or
reduce data center CAPEX (servers, power supply system, heating, ventilation and air
conditioning equipment, floor space) and OPEX (power, cooling, maintenance) by 6-8%
with respect to a facility of equal performance, but with traditional cables.

This means a large prospective market for HCFs exists, but with a low-price ceiling.

12.2. Stable Latency Applications
12.2.1. Electronic Monitoring and Stabilization of Link Latency

Since about 2005, there has been intense work carried out on the monitoring and
stabilization of fiber path latency by sending a test signal to a remote site and back on a pair
of closely spaced wavelengths (=0.8 nm) via the same fiber to minimize the influence of
chromatic dispersion and strain. The stability of time transfer over a 1000 km long SMF link
improved to few ps was reported by several teams [125-127], and a 0.3 ps stability during
3 h was achieved during time transfer via a 96 km fiber link in a metro network [128]. This
method has been adopted for long- and medium-distance time distribution, where the cost
of equipment is compensated for by use of cheap, and usually already installed, SMF.

12.2.2. Radio Networks

A key example of an application sensitive to latency is fronthaul links to radio sites in
a 5G cellular network. Phase synchronization of radio beams sent from multiple sites to a
single user when multiple input multiple output (MIMO) technology is employed sets tight
limits for differential latency in the links to all sites, as MIMO requires a matched phase
for all beams aimed at the given location of the user. Without automatic monitoring and
compensation of latency variations, the tolerable variation can be estimated as £1/36th of
the period of radio wave, corresponding to phase variations within +10°. For 750 MHz,
3.6 GHz and 26 GHz frequency bands reserved for 5G networks in Poland, this corresponds
to 11.11 ns, 2.31 ns and 0.32 ns, respectively.

An SMF cable has a temperature coefficient of latency of about 40 ps/km*K (Section 7.3).
The difference between latencies in two aerial sections of cable attached to radio masts each
40 m long resulting from 20K difference of temperatures, e.g., when one site has sunny
weather, and the other a cloudy one, is only 0.032 ns. The effect of a 10K temperature
difference between two duct cables 10 km long, e.g., when one of them is laid along a
pipeline, is much larger: 4 ns. The total differential latency between fronthaul links, 4.032 ns,
is acceptable in a 5G network working in the 700 MHz band, but not in microwave ones.

There is ongoing work on the monitoring and compensation of variable latencies in
cable links for 5G Massive MIMO networks [129], but active equipment is expensive in
comparison to a short length of cable. This leaves a niche for HCFs: short links (100s m
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max.), especially with exposed cables subjected to large variations in temperature. Besides
5G/6G radio sites, this includes phased-array radars and other multi-antenna systems.

12.2.3. Wide Area Multi-Antenna Systems

Because of HCF stability of latency vs. temperature (Section 7.3), it seemed likely
that the space sector, specifically radio-astronomy and space radars, would become a
customer installing 1000 s of km of outdoor NANF cables to build “phase stable” fiber
links to antenna sites in distributed arrays. However, this prospect has probably vanished
following the development of electronic latency compensation—see Section 12.2.1.

12.2.4. Time Distribution

The conclusion is identical to the one in Section 12.2.3, especially considering that all
facilities in need of precise distribution/comparison of time and frequency from atomic
clocks already have access to dark fibers of SMF type and Gigabit Ethernet (GbE) data links.
HCFs may, however, be used in short intra-facility time distribution links.

12.3. DWDM Networks

For high-performance DWDM networks, the most important advantages of NANF/
DNANEF fibers over conventional SMF or PSCF fibers are:

(a) Very low optical nonlinearity, >1000x weaker than in SMF;
(b) Ability to carry high optical power;

(c) Lower attenuation and/or new low-loss bands;

(d) Low chromatic dispersion (Figure 16).

In networks spanning long distances, the low latency of NANF/DNANTF fibers is
beneficial too. HC-PBGFs are not suitable due to high attenuation, typically 3-5 dB/km,
narrow passbands (Figure 4), and high dispersion (Figure 8)—see data in Table 2.

A gas-filled NANF has a very low nonlinear refractive index (ny), Brillouin and Raman
effects. When its attenuation is low enough (<0.20 dB/km) and the “water peak” (Figure 14)
is suppressed, its use in high-capacity DWDM systems shall bring several improvements
over systems with G.652.D [29] or G.654.E [78] solid-core single-mode fibers:

Elimination of nonlinear optical effects (SPM, XPM, FWM, SRS, SBS);
Wider bandwidth with suitable optical amplifiers;

Increase in transmit power per channel and repeater spacing;

Lower demand for dispersion compensation and FEC;

Fewer amplifiers in metro and long-distance networks [130,131].

Disadvantages of NANFs in this application include:

Impossibility of Raman amplification in the transmission fiber;
Fire and eye safety issues due to high power carried by the fiber.

The authors of [132] analyzed the benefits of increasing the power launched into an
NANF or similar fiber even to kW levels, but there is a limit imposed by the heating of
splices. As presented in Section 10, it is difficult to reduce the loss of NANF-NANF fusion
splice below 0.1-0.2 dB. For a 0.1 dB loss, 2.4% of the power arriving via the fiber will
escape from the splice, mostly to be absorbed by the plastic parts of the splice protector
and the cassette holding it; with 1 kW in the fiber, there is 24 W to dissipate, which is too
much. The safe limit is around 50 W in the fiber.

Low-loss longwave bands located between 1625 nm and ~2100 nm, depending on fiber
design, will only be useful with suitable amplification technology. In the absence of Raman
amplification in HCF, this leaves Thulium-Doped Fiber Amplifier (TDFA). The bandwidth
added this way can be, by using a set of dedicated amplifiers serving several sub-bands,
extended to some 1625-2050 nm (146.3-184.6 THz) [133], adding to the bandwidth of C
and L bands, ~1528-1610 nm (186.3-196.3 THz).

The total bandwidth usable in DWDM networks with NANFs and sets of EDFA and
TDFA amplifiers can be estimated as 10 + 38 = 48 THz, approx. five times the C + L
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bandwidth available today. Further capacity gains, by a factor of 4 or more, will result
from the lack of signal deterioration and noise produced by nonlinear effects in the fiber,
like cross-phase mixing (XPM). A higher signal-to-noise ratio enables the use of larger
modulation constellations, and increasing the spectral efficiency up to ~14 bit/s-Hz will be
possible.

Restrictions imposed by noise accumulation in amplifier chains will not change,
because the noise figure of optimized TDFA is similar to one of EFDA: 5-6 dB [134].
A lower attenuation of NANF like 0.05-0.10 dB/km would help, thus reducing the number
of amplifiers.

The main barrier to the introduction of HCFs to metro and core DWDM networks will
be cost of the fiber. However, while distances of hundreds or thousands of kilometers are
typical in this segment, a single pair of new fibers shall suffice at the beginning.

13. Associated Technologies

The wide adoption of hollow-core fibers requires the availability of compatible passive
and active devices, and test instruments. The disruptive novelties will likely be the following:

e  Splicing of HCFS, in particular to SMFs—presented in Section 10;
e  New transmission bands and optical amplifiers;
e  Purging of contaminated fibers.

Additionally, an HCE-HCF connector for high-power (=50 W) applications, compact,
and sealed is desirable, e.g., for DWDM networks with optical amplifiers.

13.1. Optical Amplifiers

A suitable long-wavelength fiber amplifier, known as TDFA, was demonstrated decade
ago [128], with a performance comparable to (gain, noise figure) or better (110 nm of
bandwidth: 1910-2020 nm) than that of EDFA. TDFA can be modified to operate in several
additional bands down to 1660 nm by co-doping active fiber with thulium and aluminum.
Both amplifiers may cover almost all of the low-loss 1530-2050 nm range [134], but an
increase in output power to 10s of watts (>+40 dBm) is necessary to make full use of highly
linear NANF fibers.

13.2. Test Instruments
In this area, we can expect the following novelties:

(a) Testing of loss at new wavelengths including 1800-2050 nm and 1364 nm;
(b) OTDRs able to detect low levels of Rayleigh scattering (Section 7.4);
() Mandatory PMD testing at the factory to detect distorted fibers.

The simplest solution to problem (b) is to increase the launched power by adding
an optical amplifier like EDFA to laser in the OTDR [135], as HCF exhibits low Brillouin
scattering when filled with gas at a normal atmospheric pressure or lower. Unfortunately,
this brings in issues of eye safety and possible damage to active devices attached to the
fiber under test.

Cables with expensive HCFs of NANF or similar type are likely to carry important
traffic (HST, metro/core DWDM, links between data centers) with enhanced level of
maintenance, while the ingress of humidity, e.g., through fiber break or faulty splice
(Sections 6.3 and 6.4), is a particular problem. Added loss resulting from entry of water
vapor is highest at wavelengths close to 1364 nm (Figure 14); therefore, the deterioration of
the cable can be detected by monitoring the loss at 1364 nm. When data transmission takes
place at 1550 nm, it will be possible to monitor live HCF by adding WDM multiplexers to
the link.

A new instrument for the maintenance of HCF networks will be a bottle of compressed
pure, dry gas like argon or nitrogen, fitted with devices for temporary attachment to a
cleaved fiber and the controlled purging of it for several days or even weeks [136]. With
purging, the costly replacement of a moisture-penetrated HCF cable will be avoided.
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14. Conclusions

The emergence and ongoing improvements of hollow-core fibers, in particular NANFs,
have opened up new prospects for a major technical change in the communications and
IT sectors, primarily via a reduction in latency, the extension of optical bandwidth, the
elimination of optical nonlinear effects, and an expected decrease in fiber attenuation.

The review of the features and parameters of two main types of HCFs suitable for
telecom networks, data transmission and similar applications, HC-PBGF and NANF, and
their comparison to conventional (solid-core) single-mode fibers has identified both advan-
tages and shortcomings of HCFs in these applications. NANFs are definitely superior to
HC-PBGFs due to a simpler design, wide bandwidth, low dispersion and low attenuation,
and are already competitive with SMFs, except for cost and splicing.

We have looked at several possible applications of HCFs, analyzing the advantages of
these (in their current forms) over alternative, existing technologies—or the lack of them.
The most prospective are high-speed trading (currently the prime use of HCFs), DWDM
networks, data centers, and radio sites with feeder cables exposed to temperature swings.

Hollow-core fibers are not yet ready for wide deployment, primarily due to low-
volume and costly manufacturing. The following can be carried out to improve this
situation:

Development of more efficient and consistent manufacturing process;
Standardization of fibers;

Development of inexpensive and simple to use dedicated fusion splicing machines;
Development of compatible optical amplifiers.
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Abbreviations

ARF Anti-Resonant Fiber

ARROW  Anti-Resonant Reflecting Optical Waveguide
BER Bit Error Ratio

CAPEX  Capital Expenses

CD Chromatic Dispersion

CL Confinement Loss

DGD Differential Group Delay

DNANF  Double Nested Anti-Resonant Nodeless Fiber
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DWDM Dense Wavelength Division Multiplexing

EDFA Erbium-Doped Fiber Amplifier
FEC Forward Error Correction
FEP Fluorinated Ethylene-Propylene
FEM Finite Element Method
FWM Four Wave Mixing
GRIN Graded Index (optical fiber or lens)
HST High Speed Trading
HCF Hollow-Core Fiber
HC-PBGF  Hollow-Core Photonic Bandgap Fiber
IL Insertion Loss
ITU-T International Telecommunication Union-Technical Standardization Sector
MCF Multi-Core Fiber
MFD Mode Field Diameter
MIMO Multiple Input Multiple Output (radio network with several steerable beams)
MMFNA  Multimode Fiber (with solid core)Numerical Aperture
NANF Nested Anti-Resonant Nodeless Fiber
OPEX Operating Expenses
OTDR Optical Time Domain Reflectometer
OTN Optical Transport Network
PBGF Photonic Bandgap Fiber
PEI Polyetherimide
PES Poly(ether sulfone)
PMD Polarization Mode Dispersion
PMMA Poly(methyl metacrylate)
POF Polymer Optical Fiber
ppm Part Per Million (concentration, proportion)
PSCF Pure Silica Core Fiber
RL Return Loss
SCW Surface Capillary Wave
SEM Scanning Electron Microscope
SMF Single-Mode Fiber (with solid core and cladding)
SPM Self-Phase Mixing
SSL Surface Scattering Loss
TDFA Thulium-Doped Fiber Amplifier
XPM Cross-Phase Mixing
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