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Low-Loss and Low-Back-Reflection

Hollow-Core to Standard Fiber Interconnection
M. Komanec, D. Suslov, S. Zvánovec, Y. Chen, T. Bradley, S. R. Sandoghchi, E. R. Numkam Fokoua,

G. T. Jasion, M. N. Petrovich, F. Poletti, D. J. Richardson, and R. Slavı́k

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

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

I. INTRODUCTION

HOLLOW-CORE fibers such as hollow-core photonic

bandgap fibers (HC-PBGFs) offer many advantages over

conventional solid-core fibers due to the strongly reduced in-

teraction of the guided light with the glass material. Examples

of the benefits of this are the extremely low fiber non-linearity,

low and stable [1] signal latency, the possibility to construct

long-length gas cells [2], etc.

A key property of any optical fiber is attenuation.

In HC-PBGF the attenuation is defined principally by the

fiber design. The common forms are the so-called 7-cell and

19-cell designs (made by removing 7 and 19 glass capillaries

respectively to form the core in the preform from which

the fiber is subsequently drawn). 7-cell HC-PBGFs typically

have smaller cores (and mode field diameters, MFDs) and
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higher attenuation than 19-cell HC-PBGFs due to the in-

creased interaction between the guided mode and the glass

core surround (cladding). However, 7-cell HC-PBGF remains

popular as it can be more straightforwardly interconnected

to SMF-28 since both have a similar MFD. By contrast,

when interconnecting 19-cell HC-PBGF [3] to SMF-28 there

is a significant mismatch in MFD that needs to be managed

e.g., using a mode field (MF) adapting bridge fiber.

Whilst generally operating in the single-mode regime both,

7-cell and 19-cell HC-PBGFs are inherently multi-moded,

making the interconnection with SMF-28 prone to the un-

wanted coupling of part of the energy into higher-order

modes (HOMs). This is highly undesirable in most applica-

tions, as it causes multi-path interference (MPI). To avoid

this unwanted effect, the MFD and the MF profile of the

fundamental modes of both interconnecting fibers must be very

well matched; this is also needed to minimize the insertion

loss (IL) of the interconnection.

There is sometimes an inconsistency in the literature when

reporting insertion loss measurements for SMF-28-HC-PBGF

interconnections. In some cases, the signal from the SMF-28

is coupled into the HC-PBGF and the power at the HC-PBGF

output (total power in all of the excited guided modes) is

measured. However, this does not represent the coupling loss

between the fundamental mode of the SMF-28 and HC-PBGF.

Moreover, due to multi-mode nature of HC-PBGFs, such mea-

surements typically do not yield symmetric insertion loss val-

ues, i.e. the measured IL is different depending on whether the

signal is propagating from the SMF-28 into the HC-PBGF, or

vice-versa [4]. To properly characterize the coupling between

the two fundamental fiber modes, it is important to measure

only the power in the fundamental mode of HC-PBGF.

Apart from mitigating MPI and minimizing IL, the remain-

ing challenges for hollow-core to solid-core fiber intercon-

nection are the relatively strong Fresnel back-reflection and

distortion of the HC-PBGF microstructure during the splicing

process.

Regarding the solid-core to hollow-core interconnection

IL, the best result reported up to date is 0.3 dB [5]. This

result, however, was not achieved using standard SMF-28, but

a custom-made large mode area single-mode fiber. The in-

sertion loss was measured for a HC-PBGF interconnected to

SMF-28 fiber at both ends. Both interconnections exhibited

a loss of 0.3 dB, confirming efficient coupling into the funda-

mental mode of the HC-PBGF. An anti-reflection (AR) coating

was deposited on the large mode area fiber and this reduced

the back-reflection to -31 dB at 1550 nm. The connection [5]
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was housed in a connector-style arrangement. This result is

impressive and gives a benchmark as to how a coupling

loss and back-reflection can be achieved with AR coatings.

The main areas of improvements, however, are: (i) how to

realize the low-loss connection with SMF-28, and (ii) how to

hermetically seal the interconnection to avoid any degradation

in the HCF loss with time (e.g., humidity-caused increase of

attenuation).

Back-reflections can also be reduced by splicing an-

gle-cleaved fibers to HC-PBGFs. The main drawback of this

approach so far is in the relatively high level of IL > 3 dB [6]

when 19-cell HC-PBGF was used (although an excellent

-60 dB level of back-reflection was achieved). With further

refinement a reduced IL of 1-2 dB with a slight compromise

in back-reflection (-50 dB) was reported [7]. The main chal-

lenges of this approach are the difficulty in reliably achieving

accurate angle cleaves on such delicate structures and the high

sensitivity of the IL to the cleave quality.

In this letter, we demonstrate a novel approach for low-loss,

low back-reflection and highly-efficient fundamental-mode

coupling between SMF-28 fiber and HC-PBGF. Our approach

is based on fiber-array (FA) interconnection technology [8]

which can be used to create a robust and permanent HC-PBGF

to SMF-28 interconnection, whilst at the same time hermeti-

cally sealing the end-facet of the HC-PBGF.

We incorporate a graded-index (GRIN) fiber based MF

adapter and demonstrate how sensitive low-loss coupling be-

tween the SMF-28 and the fundamental mode of the HC-PBGF

is to the precise length of the GRIN fiber used. We achieved

ILs as low as 0.30 dB between the fundamental modes of the

two fibers (a record value); with a reduced back-reflection

loss of -30 dB. We also characterized the level of MPI and

measured the polarization-dependent loss.

II. MODIFIED FIBER-ARRAY TECHNOLOGY

Our approach is based on the FA assembly technique, which

is a well-established method to pigtail photonic lightwave cir-

cuits (PLCs) with solid-core optical fibers. The fibers are first

glued into a V-groove array, which is then glued onto the PLC

end-facet. Adaptation is required to apply this basic approach

to the case of HC-PBGF to solid-core fiber interconnection

and a schematic of the modified FA assembly is depicted in

Fig. 1 along with the principle of MF adaptation using a GRIN

fiber segment.

First we use a 1-channel FA for the solid-core fiber and MF

adaptation, we fusion splice GRIN fiber to the end of the input

SMF-28. This MF adaptation technique has previously been

used to make connectors for high power laser applications [9]

in which a large MFD (and thus lower power density) is

required at the point of interconnection. We cleave the GRIN

fiber to a length longer than the target length and insert the

spliced SMF-28 and GRIN segment into the V-groove before

gluing it in place. Finally, we polish the fiber-array end-face

until the desired GRIN length is achieved. This process allows

for very precise control of the GRIN fiber length (µm-level),

which is essential for low-loss interconnection, as we shall

show later. Subsequently, for this proof-of-principle demon-

stration, we deposit a simple TiO2/SiO2 2-layer AR coating

SPLICE

GRIN

SMF-28
a)

Deposited AR coating

HC-PBGF
b)

Gap-setting HC-PBGFs

c)
AR coatingSolid-core FA HC-PBGF FA

SMF-28 GRIN HC-PBGF

SPLICE

Fig. 1. Illustration of the developed 1-channel FA, a) containing SMF-
28 spliced on GRIN, with the GRIN length precisely polished and with
a subsequently deposited AR coating, b) containing HC-PBGF inserted and
aligned with the FA end-facet. Two short segments of the same-diameter HC-
PBGF are used to set the vertical gap size, c) with a schematic of the MF
propagation and MF matching at the GRIN-HC-PBGF interface.

on the GRIN end-facet (see the SMF-28-GRIN component in

Fig. 1a). The AR coating had the minimum reflection of -32 dB

at 1600 nm and a 3-dB bandwidth of 60 nm.

Simulations (ray-tracing in ZEMAX) indicated that the best

commercially available GRIN fiber has a core diameter of

62.5µm (standard OM1 graded-index multi-mode fiber). For

a fully-collimating (quarter-pitch, length 265µm) GRIN, it

gives MFD of 24.6µm, which is close to the MFD of the

fundamental mode in HC-PBGF.

HC-PBGF cannot be polished in the V-groove in the same

way as the solid-core GRIN fiber because of fear of damage

to the delicate microstructure and ingression of polishing

products. Thus, we modified the FA assembly procedure

for HC-PBGF, which also takes into account the fact that

HC-PBGFs generally have non-standard outer diameters which

can vary from HC-PBGF sample to sample. The FA is

a 1-channel type, but includes three V-grooves. The two side

V-grooves are used to set the vertical gap between the upper

and lower blocks of the FA by using HC-PBGF segments

made of the same fiber (same diameter) as that to be used

in the interconnection. At this stage, we intentionally leave

the central V-groove empty. Subsequently, the HC-PBGF FA

is polished and cleaned. After that, we insert a freshly cleaved

HC-PBGF into the central V-groove and precisely align its

end-face with the front edge of the FA (see the HC-PBGF

component in Fig. 1b).

III. MEASUREMENT SETUP

The HC-PBGF used in our experiments was an in-house

made 19-cell HC-PBGF with a 230µm outer diameter and

a 31.4µm central air-hole diameter. The MFD of the fun-

damental mode was calculated (in COMSOL) to be 21.1µm

at 1550 nm. Calculated interconnection loss between the cal-

culated shape of the HC-PBGF mode and a Gaussian beam
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of 21.1µm (ideal) and 24.6µm (our quarter-pitch GRIN

lens) was 0.13 dB and 0.23 dB, respectively. We prepared two

samples, having 10 m and 50 m HC-PBGF lengths, and made

interconnections to SMF-28 fiber pigtails at each side.

For precise alignment, the FAs were placed on 5-axis

micropositioning stages (X,Y,Z, pitch, and yaw), as shown

in Fig. 2. We used a stabilized Erbium-doped fiber am-

plifier (EDFA) as a broadband light source. The EDFA

output (ASE) was coupled into an optical bandpass fil-

ter (OBPF) with 10 nm bandwidth. The light then passed

through a circulator (CIRC), a fiber polarization con-

troller (PC), and the first SMF28-GRIN-HC-PBGF. After

the HC-PBGF sample, the signal was coupled through the

second HC-PBGF-GRIN-SMF-28 (again, using 5-axis micro-

positioning stage) and was measured with the optical spectrum

analyzer (OSA) or power meter (PM). The spectrum of the

reflected signal was measured at the 3rd CIRC port.

Fig. 2. Measurement configuration including a) input signal generation, b)
developed interconnection with output power/spectral measurement, c) side-
view of the alignment apparatus and d) 19-cell HC-PBGF structure. EDFA
- Erbium-doped fiber amplifier, OBPF - optical bandpass filter, CIRC -
circulator, PC - polarization controller, GRIN - graded-index fiber MF adapter,
PM - power meter, OSA - optical spectrum analyzer.

IV. RESULTS

First, we measured the IL dependence on the GRIN length.

Our preliminary experimental results (not shown here) in-

dicated that the optimum GRIN length is slightly longer

than that expected from the theoretical analysis. We used

five pairs of GRIN-SMF-28 FA with the 2-layer ARC and

GRIN lengths (the same lengths in each pair) of 290, 295,

300, 305 and 315µm, respectively. The GRIN lengths were

measured using an optical microscope, measuring the splice

to end-facet distance with a measurement uncertainty of

± 1µm. The measured IL for the whole SMF-28-GRIN-

HC-PBGF-GRIN-SMF-28 assembly is plotted in Fig 3.

The minimum IL was obtained with a GRIN length of

295µm. It is worth noting that deviation as little as 5µm from

the optimum GRIN length leads to the insertion loss increase

of > 0.1-0.2 dB (see Fig. 3). A similar level of insertion loss

increase is expected (based on a numerical analysis) in the case

of longitudinal or transverse misalignment of ∼5µm. Note that
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Fig. 3. Dependence of total insertion loss of the whole SMF-GRIN-HC-
PBGF-GRIN-SMF component on the GRIN fiber MF adapter length (the
same GRIN length was always used on both sides), utilizing a 10-m long
19-cell HC-PBGF.

besides slightly increased insertion loss, any misalignment will

result as well in stronger unwanted HOM excitation.

Besides optimizing the IL using the two 5-axes stages, we

also monitored the quality of the launch into the fundamental

mode by observing the transmitted signal with the OSA.

Any component of power launched into HOMs presents itself

as MPI and is visible as spectral ripples on the transmitted

broadband spectrum measured at the OSA. This technique is

simpler than conventional measurements of MPI based on the

time-of-flight technique [10] or S2 measurement [10], [11].

The HOMs contributing most to MPI are the LP11 mode and

the LP02 mode with differential modal delays of 8.7 ps/m and

21.4 ps/m respectively [11]. We should be able to observe MPI

from these modes in HC-PBGF with lengths up to 45 m and

18 m length respectively when operating the OSA at its highest

resolution of 20 pm.

The MPI for various GRIN lengths used for

the 10-m long HC-PBGF sample is shown in

Fig. 4, together with the measured IL for the entire

SMF28-GRIN-HC-PBGF-GRIN-SMF-28 assembly.

The minimum MPI (demonstrated as the smallest amplitude

spectral ripples) was achieved for a GRIN fiber length of 295

to 300µm (the minimum IL was achieved for the 295µm

length).

Once we optimized the optical performance, we glued the

FAs together. Apart from ensuring that the connection does not

move during the glue-curing process, we had also to ensure

that the glue does not creep into the HC-PBGF microstructured

region - we used a fast (< 5 s) UV-curable, high viscosity

glue for this purpose. First, we aligned both 5-axis stages

for the entire SMF-28-GRIN-HC-PBGF-GRIN-SMF-28 as-

sembly. During the gluing, (the first interconnection followed

by the second one), we observed a maximum increase in the

IL per interface of 0.05 dB.

Subsequently, we interconnected a 50-m long

HC-PBGF. We achieved an IL of 0.87±0.05 dB

(which also includes the PDL) for the complete

SMF-28-GRIN-HC-PBGF-GRIN-SMF-28 glued assembly.

Considering the loss of the 50-m long HC-PBGF (4.0 dB/km),

we calculated IL per connection of 0.30 dB. Figure 6 shows
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Fig. 4. HOM interference ripples in transmitted spectra for various GRIN
fiber MF adapter lengths measured for the whole SMF28-GRIN-HC-PBGF-
GRIN-SMF28 configuration including a 10-m long HC-PBGF.

the measured back-reflection spectrum of the 50-m long

HC-PBGF after the assembly process (without the OBPF).

We observed 15 dB lower back-reflection at 1580 nm (the

used ARC showed minimum reflection there) with respect to

the measured 4% reflection from a flat interface.
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Fig. 5. Back-reflection spectra of the final component including 50-m long
HC-PBGF.

V. CONCLUSION

In this paper we have presented for the first time a FA

based approach to create a permanent hermetically sealed

interconnection of HC-PBGF to SMF-28s. Our method pro-

vides signal propagation in the fundamental mode, with the

signal propagating in the higher-order modes being signifi-

cantly suppressed, reducing multipath propagation effects.

Using our approach, a coating can be applied to the inter-

face. As a proof-of principle, we have reduced back-reflections

by 15 dB compared to the typical silica-air interface by de-

positing a simple 2-layer AR coating. Apart from reducing

the back-reflection, the AR coating is also expected to reduce

IL by 0.17 dB per silica-air interface.

We reached best-ever reported insertion loss between

SMF-28 and 19-cell HC-PBGF of 0.30 dB, confirmed both for

a 10-m long and 50-m long HC-PBGF. The interconnection

was reciprocal, with IL difference of only 0.03 dB for both

propagation directions, confirming good coupling between

fundamental modes of both fibers. Furthermore we have pre-

sented a simple approach of single-mode launch verification

by monitoring MPI with a spectrum analyzer.

An additional advantage of the presented method lies is the

fact that it can be straightforwardly extended to simultaneously

interconnecting several (e.g., 64) HC-PBGFs with multiple

SMF-28s or even with a multi-port planar lightwave circuit

(e.g., a 64x64 PLC coupler).
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