Connecting hollow-core and standard single-mode
fibers with perfect mode-field size adaptation

Ailing Zhong, Eric Numkam Fokoua, Meng Ding, Daniel Dousek, Dmytro Suslov, Stanislav Zvanovec,
Francesco Poletti, Radan Slavik, and Matéj Komanec

Abstract—We propose an approach to interconnect a hollow-
core fiber (HCF) of arbitrary core size with standard single-mode
fiber with perfect mode-field size adaptation and experimentally
achieve for the first time insertion loss agreeing with that
predicted by simulations. We demonstrate this using three low-
loss HCFs, including 1 window nested antiresonant nodeless
fiber (NANF), 2" window NANF and the state-of-the-art double
NANF (DNANF). The connection with a minimum achieved
insertion loss of 0.079dB was permanently secured via gluing
and did not degrade during 4 weeks of continuous measurement.
To the best of our knowledge, this is the lowest reported value
and is comparable to or lower than the connection between
dissimilar single-mode fibers (e.g., standard single-mode fiber
and dispersion-compensating fiber). We also show that such
connection leads to excellent suppression of higher-order modes
coupling, of importance to all applications sensitive to multi-
path interference. Importantly, obtaining agreement between
simulations and experiments validates for the first time the
accuracy of the simulations and opens the door to further
optimization via simulations with the ability to subsequently
achieve the same result experimentally.

Index Terms—Hollow-core fiber, nested antiresonant nodeless
fiber, fiber interconnection, mode-field adaptation, higher-order
mode, low-loss coupling.

I. INTRODUCTION

Hollow-core optical fibers (HCFs) have progressed tremen-
dously over the past decade. Their attenuation today is lower
than that achievable in standard single-mode fibers (SSMFs) at
all wavelengths except for the 1550 nm region, where the re-
ported value of < 0.174 dB/km [1] achieved in a double nested
antiresonant nodeless fiber (DNANF) geometry, is in parity
with SSMFs. Additionally, these fibers possess exceptional po-
larization purity [2], low nonlinearity [3], broad transmission
bandwidth [4], thermal insensitivity [5], etc. HCFs have thus
found applications not only in fiber-optic communication, but
also for high-power laser delivery [6], interferometry [7], gas
sensing [8], and gas lasers [9].

With the demonstrated low attenuation levels in HCFs, a
low-loss interconnection of HCF into SSMF-based systems
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is of particular importance. When short lengths of low-loss
HCFs are used (e.g., < 1km), the HCF-SSMF coupling loss
may become a dominant contributor to the total loss and thus
reducing it may directly translate into reducing the overall
loss. In applications where high optical power is transmitted,
this loss may lead to overheating and thus lowering the
damage threshold. Non-optimized HCF-SSMF interconnection
may also lead to undesired coupling into higher-order modes
(HOMs) of the HCF and subsequent multi-path interference.
This requires attention, especially in applications in which
shorter HCF lengths are used (e.g., up to tens of meters),
where light propagating via HOMsS can still be present at the
output despite their relatively high loss (e.g., > 2000 dB/km
in optimized designs [10]). Such multi-path interference is
undesirable in most applications and, for example, in sensors
may pose a limitation to the achievable resolution.

Theoretical limits of coupling between the fundamental
mode of nested antiresonant nodeless (NANF) geometry of
HCF and a Gaussian beam input (which well-approximates
electromagnetic field profile at the output of a weakly-guiding
SSMF) have been studied recently [11]. It was found that the
minimum achievable loss depends on the order of the antireso-
nance window in which the HCF operates. For example, for a
6-tube design, the minimum loss was calculated to be 0.125 dB
and 0.074 dB when operating in the 1% and 2" antiresonance
window, respectively. These numbers indeed depend slightly
on the design, e.g., the number of tubes, or the gaps between
the tubes, which slightly alter the mode-field shape. We refer
to this loss as limited by the “mode-field shape mismatch”
between the SSMF and HCF. Several reports compared the
finite-element simulated results with the best-achieved exper-
imentally when coupling from free space (0.22dB in [12])
and from SSMF (0.15dB in [13]). However, the best-achieved
experimental results were, at best, about twice as large as those
predicted by simulations (0.074 dB [11]). Thus, experimental
validation of simulations is so far missing.

Three main interconnection aspects must be considered
in practice when targeting high-performance, ultra-low loss
(limited by the mode-field shape mismatch) interconnection.
Firstly, the mode-field sizes should be matched between the
SSMF and HCF. Secondly, the Fresnel reflection (causing
~ (.16 dB transmission loss) at the glass-air SSMF-HCF inter-
face should be suppressed. Thirdly, the connection should be
sealable to avoid ingress/egress of gas and subsequent degra-
dation of the HCF endface [14], [15]. Below, we elaborate on
these three aspects.

The mode-field diameter (MFD) of the mode exiting SSMF



(typically 5-20 um, depending on the fiber type and operat-
ing wavelength) must be matched to the MFD of the HCF
fundamental mode. Typically the MFD of a HCF is 70% of
the core size [11], therefore the MFD ranges from 10um
through ~ 22 pm for current low-loss DNANFs [1], 22-28 um
for current NANFs, to >40um for high power delivery [16]
and HCF gas photonics [17]. An optimum method of this MFD
adaptation should be fiber-compatible and enable accurate
tuning of the MFD to the designed value. It should also
provide a flat phase profile across the beam cross section (such
as obtained in a Gaussian mode in its focus/waist), as the
HCF fundamental guided mode has also a flat phase profile in
the core region. Fiber-compatible mode-field adaptation using
SSMF tapering [18], SSMF thermally-expanded core [13],
reverse tapering [19], and splicing of a short segment of a
graded index (GRIN) fiber [13] have been proposed. The
last-mentioned method requires specific GRIN parameters to
achieve the desired MFD with the required flat phase profile.
The other methods can be directly customized in this regard.

The Fresnel back-reflection can be suppressed by SSMF
tapering [18], [20], deposition of anti-reflective (AR) coat-
ing [13], [21] and angle-cleaving [22]-[24]. Back-reflection
suppression to -27 dB over 390 nm bandwidth (from 1260 nm
to 1650nm) was demonstrated through tapering [18], below
-40dB over 60nm using AR coating [13], and below -40dB
using 2° angled interface [24]. The angled interface lowers
the back reflection but does not reduce the insertion loss (IL),
as the otherwise back-reflected light is deflected out of the
waveguides and thus not collected by the HCF. However,
this method was shown to be advantageous when combined
with the AR coating, achieving -60dB back-reflection over
400 nm bandwidth with most of the light transmitted rather
than deflected, achieving low transmission loss [21].

In terms of sealable interconnection, traditional fiber splic-
ing [18], [24], gluing developed for planar lightwave circuits
pigtailing [13], [21], or passive alignment inside a connec-
tor [25] have been reported. Splicing is generally not compati-
ble with tip tapering or AR coating. There has been a recent re-
port of splicing of AR-coated SSMF to an HCF [18], however,
the AR coating properties degraded during the process due to
high temperature during splicing, resulting in modest ~ -28 dB
back-reflection. Passive alignment in a connector [25] does
not provide a sealed connection and its long-term stability
has not been, to the best of our knowledge, reported in the
literature. Such a study would also need to investigate HOM
cross-coupling, which may occur as the HCF degrades or the
fibers’ alignment drifts.

Here, we present an approach to obtain a beam of a desired
MFD with the required flat phase profile using a single GRIN
fiber. Considering three commercially-available GRIN fibers
with various core diameters and numerical apertures, mode-
field adaptation to any value between 10 and ~90um is
achievable with an SSMF input (e.g., G.652 or G.657). This
range is sufficient for most practical HCFs reported.

This technique then enabled us to realize HCF-SSMF in-
terconnection at levels predicted by simulations (within the
measurement error of £0.006dB). We demonstrate this by
interconnecting HCFs with different MFD ranging from 22 to

25 um. We also show the simulation-predicted advantage of
using 2™ window HCF in terms of IL, achieving record-low
IL of 0.079dB, which was maintained even after gluing the
interconnection. Besides showing a record-low SSMF-HCF IL,
these results also validate the simulation predictions for the
first time.

The lowest-achieved loss is also accompanied by reduced
coupling into HOMs, enabling us to report record-high mode
purity when coupling from an SSMF to an HCF.

Finally, achieving such a good agreement between the
predictions and experiments suggests further improvements
are possible using HCFs designed with minimized mode-field
shape mismatch with SSMEF, e.g., by increasing the number of
tubes [26].

II. PRINCIPLE AND SIMULATIONS

Our interconnection design is illustrated in Fig. 1. A GRIN
fiber is used as a mode-field adapter (MFA) to accommodate
the MFD mismatch between SSMF and HCFs. To prepare the
MFA, the GRIN fiber is first fusion-spliced with the SSMF.
Subsequently, it is polished to the desired length within the
accuracy of our GRIN length measurement of 4 3 um. When
the GRIN fiber is polished to 0.25 pitch length (shown in
Fig. 1a), the output beam is collimated at its output, requiring
placing HCF to the MFA output without any gap. Recently
we investigated how the gap between GRIN and HCF could
be created to enable the insertion of functional elements such
as filters [27], [28]. We first used a GRIN that produced
a larger MFD than that of HCF. Subsequently, we polished
GRIN slightly longer than 0.25 pitch (e.g., 0.29 pitch), which
made the output beam to focus slightly after exiting the MFA,
gradually reaching a focal point (beam with flat phase) at
a distance (our gap). By designing the GRIN length, HCF-
matching MFD with flat phase (focus) was obtained at a
distance from the GRIN, enabling a low-loss connection with
a gap. Here, we use the same configuration, but rather than
optimizing/maximizing the gap distance, we target the desired
MFD with the gap as a free parameter (see Fig. 1b and
c). This gap may be a desired feature, e.g., for gas sens-
ing [29], however, it would not be compatible with permanent
interconnection using fusion splicing that requires zero gap.
Fortunately, for the glued interconnection targeted here, this
requires only minor modification of the assembly process and
as we demonstrate here, it enables stable interconnection.

To demonstrate the flexibility of obtaining a suitable cou-
pling beam of any desired MFD, we used three HCFs with
as different core sizes as available to us. They have core
sizes of 35.6um (1% window NANF with 6 pairs of nested
tubes), 32.8um (2" window NANF with 6 rings [13]), and
31.2um (the state-of-the-art DNANF with 5 rings [1]). As
these fibers are of different geometries and operate over two
different antiresonance windows, a comparison of simulated
and experimental data should allow us to validate the accuracy
of our simulations in these different geometries. The scanning
electron micrograph (SEM) images of the used HCFs are
presented in Fig. 1(d-f).

We first estimated the MFDs of the fundamental modes of
each HCF sample by multiplying 70% with the core size [11],
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Fig. 1. Beam evolution (red dotted line) by virtue of (a) GRIN-based MFA at 0.25 pitch, (b) at 0.29 pitch, and (c) at 0.30 pitch. Scanning electron micrograph
(SEM) images of (d) 1% window NANF, (e) 2 window NANE, (f) 18t window DNANE.

obtaining 24.9 um (1% window NANF), 22.9 um (2" window
NANF [13]), and 21.8 um (the-state-of-the-art DNANF [1]),
respectively. Subsequently, we calculated the minimum IL
between a perfectly matched circularly symmetric mode-field
with Gaussian energy distribution to the calculated six/five-
fold mode-field calculated using finite element simulations in
Comsol Multiphysics using data from the end-faces of the
particular (D)NANF [11], [13] at 1550 nm. We obtained values
of 0.125dB, 0.074 dB and 0.126 dB, for light coupling into 1*
window NANF (in Fig. 1d), 2" window NANF (in Fig. le)
and 1% window DNANF (in Fig. 1f), respectively.

In the next step, we simulated light propagation from the
SSMF, through the GRIN, followed by the free space. We used
a finite-difference beam propagation technique implemented in
Synopsys BeamPROP. For GRIN, we considered three selected
commercially-available GRIN fibers with core diameters of 50,
100, and 200 pm. Their parameters are presented in Table I.

TABLE I
SPECIFICATIONS OF GRIN FIBERS.
GRIN fiber type OM2 GRINI00  GRIN200
Core diameter (um) 50 100 200
Cladding diameter (um) 125 125 220
Numerical aperture 0.20 0.29 0.22

The focal MFD dependencies on GRIN length at 1550 nm
are depicted in Fig. 2. The solid black curves illustrate how
the focal MFD changes with respect to GRIN fiber length
from 0.25 pitch (where the maximum MFD is obtained) to
0.50 pitch (where the MFD reduces to the same size as that
of input SSMF). GRIN OM2-based MFA can provide focal
MFD from 10 to ~23pm, GRIN100-based MFA then 10-
32 um, and GRIN200-based MFA 10-90 um. The orange, blue,
and yellow dashed lines represent the MFDs of fundamental

modes of our 1** window NANF (24.9 um), 2™ window NANF
(22.9um) and DNANF (21.8 um), respectively. As we can
see in Fig. 2, the crossings between dashed lines (MFD of
HCFs) and solid lines (focal MFDs of GRIN MFAs) indicate
the optimum coupling into the specific HCF, which can be
obtained by our MFAs of corresponding GRIN lengths.
Since GRIN100-based MFAs can provide optimum coupling
into all three available HCFs (0.285 pitch for 24.9 um, 0.295
pitch for 22.9 ym, and 0.301 pitch for 21.8 um, respectively),
we selected it for our demonstration. Subsequently, we fabri-
cated a set of GRIN100-based MFAs with GRIN lengths close
to/corresponding to the three different pitch lengths.

III. MEASUREMENT RESULTS

Figure. 3 presents the experimental setup we used for
measuring the IL of the SSMF-MFA-HCEF interconnection (de-
noted as a device under test - DUT). As we target measuring
very low levels of IL, we took two precautions. Firstly, we
measured two interfaces (SSMF-MFA-HCF-MFA-SSMF) to
ensure we suppress the contribution from the coupling into
HOMs [13]. It also increases the accuracy of the measurement,
since we measure two interconnections, obtaining IL by divid-
ing the measured loss (and thus also the measurement error)
by two. Secondly, we paid particular attention to referencing
our measurement, as we will describe later.

An erbium-doped fiber amplifier (EDFA) was used as a
broadband light source, the light was then filtered to 1545-
1555 nm via an optical band-pass filter (OBPF). Subsequently,
the OBPF was connected with the DUT, which was followed
by a 50/50 coupler, the outputs of the coupler were connected
to a power meter (Thorlabs S154C) and an optical spectrum
analyzer (OSA, Yokogawa AQ6375B), respectively.

In order to reference the IL measurement, we first spliced
the OBPF output SSMF pigtail with the input SSMF pigtail
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Fig. 3. Experimental setup for measuring the IL of the SSMF-MFA-HCF
interconnection. (EDFA: erbium-doped fiber amplifier, OBPF: optical band-
pass filter, DUT: device under test, OSA: optical spectrum analyzer, MFA:
mode-field adapter, HCF: hollow-core fiber, SSMF: standard single-mode
fiber).

of the 50/50 coupler and used this value at the power meter
as a reference. In the next step, we cut this splice and spliced
the DUT into the setup (two splices: at the input and output)
with two identical GRIN100 MFAs at the input and output
sides. The IL of each interconnection was calculated as the
measured loss minus the HCF propagation loss, then divided
by two. The SSMF-SSMF splice loss was neglected, as we
usually obtain splice loss below the resolution of our power
meter of 0.01 dB. This may result in overestimating the
measured single SSMF-HCF connection loss by up to 0.005
dB. The fiber lengths of 1% window NANF, 2" window
NANF, and DNANF were 3m, 8m, and 3 m, respectively.
The two 1% window HCFs had attenuation below 0.8 dB/km,
making the propagation loss in the used 3 m sample of < 0.002
dB, which we neglected. As we expected IL for the 2"
window NANF coupled to the SSMF to be the lowest ever-
measured (predicted at 0.074 dB), particular care was given
to measure its loss. We measured directly the sample used in

our demonstration using the very accurate Fabry-Perot method
published in [30]. In this method, fiber under test is placed
inside a high-finesse Fabry-Perot etalon in which light goes
hundreds to thousands of times through the same fiber (> 1 km
propagation length), enabling very accurate measurement of its
attenuation. We measured the propagation loss in the 8 m-long
HCF sample to be (0.022 +0.002) dB, which corresponds to
attenuation of 1.8 dB/km).

We measured IL using our three HCF samples and four pairs
of MFAs with different GRIN100 lengths, all with 4-layer
Tas05/Si02 AR coating to avoid loss due to Fresnel back-
reflection. Figure. 4(a-c) present the measured HCF-SSMF
interconnection ILs (scatters) together with simulated ones
(solid curve). The red dashed line marks the minimum cal-
culated achievable IL when considering circularly-symmetric
input field with Gaussian distribution [11], [13] at 1550 nm.
For all three HCFs, we see reasonable agreement between the
measured and simulated values, in particular, the measured
minimum IL agrees well with the simulations (results are
summarized in Table II). To evaluate this in detail, we first
need to analyze the error of our measurement.

The largest error comes from our power meter, which has
a minimum step of 0.01 dB. We consider in our analysis the
power reading error of = 0.01 dB in the measured power. Other
sources of error are fiber loss (up to 0.002dB, as discussed
earlier) and splicing loss. We have spliced the SSMF-pigtailed
2" window NANF several times, measuring loss periodically
over a duration of 4 weeks and always achieving identical
readings (of 0.18 dB). Thus, we neglect it here. Consequently,
the total error of our measurement should be within (+0.01
+ £0.002 = £0.012) dB. As this error is for two SSMF-HCF
interconnections, we obtain IL error of + 0.006 dB.

As concluded in Table II, the simulated GRIN100 lengths
for optimum coupling agree well with those obtained experi-
mentally. In terms of achieved IL, the measured values agree
with the simulated ones within the measurement error (of



TABLE II
SIMULATED AND MEASURED OPTIMUM GRIN LENGTH AND ILS FOR SELECTED HCFS.

NANF NANF DNANF
(1 window) | (2™ window) | (1" window)
Simulated optimum length of GRIN100 (pitch) 0.285 0.295 0.301
Measured optimum length of GRIN100 (pitch) 0.286 0.292 0.302
Theoretical loss of Gaussian mode coupling (dB) 0.125 0.074 0.126
Measured loss (dB) 0.120 0.079 0.120
Error (dB) +0.006 =+ 0.006 +0.006
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Fig. 4. Measured (scatters) and simulated (solid lines) IL for (a) 1% window
NANF, (b) 2™ window NANF, and (c) 1** window DNANF. Red dashed line:
minimum calculated IL.

40.006 dB). We note that the measured IL values for the 1%
window HCFs are slightly below these simulated values, while
it is the opposite for the 2" window NANF. This effect may
be worth investigating further, but it would require a better
power resolution/accuracy than available to us.

Importantly, our results verify the numerical accuracy of the
simulations and also the accuracy of the theoretical model. It
also shows the possibility of reaching simulation-predicted ILs
in a real-case configuration.

We also measured the HOMs content in the 2™ window
NANF with our best-performing GRIN100-based MFA pair
and compared it with the previously-demonstrated OM2-based
MFAs published in [13] that used HCF from the same draw

band. We used the same method as illustrated in [13] with
the setup presented in Fig. 3. The results are shown in
Fig. 5 with a comparison of previously-achieved results using
OM2-based MFA in [13]. We can see that there are two
predominantly-excited HOMs, LP;; mode and LPj2 mode,
which are highlighted in green and red color, respectively.
LP;; mode excitation originates from the slight asymmetry
of the fabricated NANF [13] rather than MFA itself. Thus,
we would expect the same value of cross-coupling into the
LP;; mode here and in previous work, which is confirmed
in Fig. 5(a) and (b). As for LPyps mode cross-coupling, we
observe a substantial reduction in our current work, which is
consistent with better mode-matching of the input field with
the fundamental mode of HCF, witnessed by its IL reduction
from 0.15dB in [13] to current 0.079 dB.
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We further analyzed our interconnection IL over a broad
bandwidth of 1200nm to 2000 nm by replacing the EDFA +
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OBPF in Fig. 3 with a super-continuum source (NKT EXR-
15). We first connected the super-continuum source output
with the input of the 50/50 coupler and recorded the spectrum
on OSA as a reference. Subsequently, we spliced DUT into the
setup, obtaining spectral transmission loss of the SSMF-MFA -
HCF-MFA-SSMF link. Figure. 6 presents the transmission
spectra with 1% window NANF, 2" window NANF and
DNANEF, respectively. The insets illustrate the transmission
loss in detail across the wavelength range of 1500-1700 nm.

In Fig. 6 (a) we see that the 1% window NANF transmis-
sion window starts around 1230 nm. In the region of 1500-
1700 nm, the transmission has a flat trend with slow fluctuation
of only ~0.1dB and fast fluctuations (usually present due
to multi-path interference with HOM) well below this value.
In Fig. 6 (b), the 2" window NANF shows, as expected
for the 2™ window, a narrower transmission window. In
the region of 1500-1700nm, it shows a power variation of
~ 0.3 dB, again with fast fluctuations well below this. Figure. 6
(c) demonstrates the transmission spectra in DNANF, which
has the broadest transmission bandwidth among these three
HCFs. The transmission spectrum (1500 nm—1700 nm) has a
similar fluctuation (~0.06dB) as in the 1% window NANF,
again with negligible fast fluctuations, showing excellent HOM
suppression.

IV. PERMANENT INTERCONNECTION

Here, we demonstrate a permanent interconnection using the
gluing technique described in [29], with its long-term stability
and performance over a range of temperatures shown in [}
To accommodate the slight gap between the MFA and HCF, we
used glue with high viscosity. We glued the lowest-loss sam-
ple (using 2" window NANF) and obtained record-low-loss
permanently connected SSMF-HCF-SSMF interconnection.

The measured loss prior to gluing was 0.18 dB (0.079 dB for
each of the two interconnections plus 0.022dB for the fiber
propagation loss). This increased by 0.01 dB when gluing one
side, but this relaxed back to 0.18 dB when removed from the
holder. The situation on the other side was similar. We re-
measured the sample periodically for 4 weeks, splicing it into
the setup (to allow for power calibration), always measuring
a value of 0.18dB, showing excellent stability as well as
repeatability of our measurement.

Figure. 7 shows the SSMF-HCF-SSMF sample with 8-m
HCF and both interconnections in a protective housing.

Fig. 7. Photograph of the permanently-interconnected 2™ window NANF
with two SSMFs with an average SSMF-HCF IL of 0.079 dB.



V. CONCLUSIONS

We have demonstrated for the first time HCF-SSMF inter-
connection with IL that agrees perfectly with loss predicted
by simulations within our measurement error of £ 0.006 dB.
Besides achieving low connection loss, such a good agree-
ment between the experimental results and simulations also
validates high accuracy of the simulations. We made this
comparison using NANF (core size of 35.6 um) and DNANF
(core size 31.2 um) operating in the 1% window, obtaining IL
(0.120£0.006) dB for both of them. This agrees with the
predicted minimum IL of 0.125 and 0.126 dB, respectively.
Further, we tested it on the 2" window NANF (core diameter
of 32.8 um), achieving record-low IL of (0.079 £0.006) dB)
that also agrees with the simulated IL of 0.074 dB. We have
achieved these results by designing a mode-field adaptation
technique that enables arbitrary mode-field adaptation us-
ing commercially-available GRIN fibers. Besides achieving
record-low IL for the respective (D)NANFs, our work vali-
dated for the first time the accuracy of the published numerical
simulations.

Based on our simulations, our interconnection technique
can adapt MFD in a wide continuous range of 10-90um
using commercially-available GRIN fibers, which cover most
HCEF core diameters. We validated it experimentally, achieving
predicted IL for a range of MFDs from 21.8 to 24.9 um.

We have also characterized IL of the interconnection over
a broad wavelength range, showing a variation of ~ 0.06 dB
for SSMF-DNANF-SSMF over a 200 nm band (~ 0.03 dB for
a single SSMF-DNANF interconnection).

Finally, we glued (permanently interconnected) the lowest-
loss connection and observed no degradation (within the
measurement error of &+ 0.006 dB) over a 4-weeks period.

The demonstrated SSMF-DNANF connection with negligi-
ble HOM content and IL of 0.12dB was achieved on DNANF
design that holds the attenuation record of 0.174 dB/km. This
brings HCF technology truly on par with SSMF systems.
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