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Angle-spliced SMF to hollow core fiber connection with optimized back-reflection and insertion loss
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Abstract—We study and demonstrate angle-cleaved fusion splicing between single mode fiber (SMF) and nested anti-resonant node-less fiber (NANF). First, we analyze the trade-off between the connection loss and back-reflection suppression. Subsequently, we angle-cleave and splice connections with selected parameters, demonstrating a connection loss of 1.25 dB (0.6 dB higher than for a flat-cleaved connection) and back-reflection below -40 dB (as compared to -15 dB for the flat-cleaved connection). The measured spliced connection loss is only slightly higher (0.2-0.3 dB) than that predicted due to the angle cleave and the mode field mismatch. This was achieved mainly thanks to accurate angle-cleaving and an improved offset splicing technique that we have developed. We characterized the prepared SMF-NANF spliced connections with a range of techniques, evaluating the connection loss, unwanted coupling to the LP11 mode, and back-reflection. Finally, we show how the reduced back-reflection can improve the performance of a communication system through reduction of round-trip induced multipath interference.
Index Terms—Optical fiber splicing, Hollow core fiber, Angle-cleaved fiber, Fusion splice.
I. INTRODUCTION
H
ollow core fibers (HCFs) have attracted significant attention over the last two decades thanks to their unique characteristics which originate from guiding light in air rather than in glass as in conventional solid fibers. Examples of structures used to confine light in a hollow core include photonic bandgap [1-3] and negative curvature antiresonant structures [4-6]. The lowest-loss HCFs demonstrated to date are based on the double nested anti-resonant node-less fiber geometry with the minimum attenuation so far reported of 0.174 dB/km [7]. Apart from the lowest-loss spectral region at 1550 nm, their attenuation is already significantly lower than that achievable with standard single mode fibers (SMFs) that guide light through a silica-based glass core [8]. Besides the low attenuation, HCFs offer many other unique features relevant to a multitude of applications in science and engineering, such as low propagation latency [9], low optical nonlinearity [10], and high polarization purity [11].
To incorporate HCF in fiber systems that are based on SMF components, an efficient HCF-SMF interconnection technique is required. Such interconnection needs to deal with the relatively large difference in mode field diameters (MFDs) of low-loss HCFs and SMFs (e.g., at 1550 nm, low-loss HCFs typically have 24 µm MFD vs 10 µm for SMF) as well as the relatively strong (3.4%) Fresnel back-reflection that occurs as light passes through the interface between the hollow core (refractive index of ~1) and the glass core of the SMF (refractive index of ~1.45).
Published techniques that enable low-loss connection (1-dB level or lower) without suppressing  the Fresnel back-reflection include the use of mode field adapters based on SMF tapering and inserting the taper into the HCF hole [12] (0.77 dB connection loss), or two-step reverse tapering [13] (0.44 dB connection loss).
Low-loss connection techniques that also address the Fresnel back-reflection include the use of angle-cleaved SMF in combination with micro lenses [14] (0.53 dB connection loss and -49.8 dB back-reflection) and use of a mode field adapter based on a short segment of graded index (GRIN) fiber or thermally-expanded core (TEC) SMF incorporating an anti-reflective coating [15] (0.15 and 0.21 dB connection loss, respectively, both with a back-reflection below -40 dB). However, these techniques require some form of gluing to obtain a robust and permanent HCF-SMF connection [14,15]. A fusion spliced interconnection technique that does not require gluing would be of considerable interest, e.g., for use in harsh environments, including high or low temperatures, in environments that include exposure to ionizing radiation (such as in space), or where there is potential for contact with aggressive chemicals.

Fusion splicing is a particularly attractive interconnection approach given the convenience and capabilities of modern fusion splicers however most early SMF-HCF splicing demonstrations reported relatively high connection losses (> 1-dB level) [16,17]. These high losses generally originated from the process not being properly optimized, leading amongst others to issues such as deformation of the HCF microstructure with resultant additional splice loss. Such “unoptimized” splicing was also a feature of early demonstrations of the use of angle-cleaved fibers to suppress Fresnel back-reflections during SMF-HCF splicing, for example, a 3 dB connection loss with -60 dB back-reflection was reported in [18], and 4.5 dB connection loss with -58 dB back-reflection was reported in [19].
For flat-cleaved SMF-HCF connection, optimization of the fusion splicing process was recently shown to almost eliminate the excess splicing loss (difference in the connection loss after the splicing and before it when the fibers are aligned through butt-coupling), producing total spliced connection losses as low as 0.44 dB between HCF-SMF [13]. Such optimization has not, to the best of our knowledge, been done for angle-spliced connection, where the optimization procedure additionally needs to consider the cleaving angles, i.e., to find the optimum angle, develop a reproducible angle-cleaving procedure, etc.
Here, we demonstrate an angle-cleaved fusion spliced SMF-HCF (using nested antiresonant nodeless fiber, NANF [8]) interconnection process providing for low connection loss and low back-reflection. First, we study the trade-off between back-reflection suppression (that improves with increasing cleave angle [20]) and connection loss (that deteriorates with increasing cleave angle). We found that optimum performance is for a cleave angle close to 2°, where a 1-dB-level connection loss can be achieved with back-reflection suppressed to below -40 dB. To prevent unwanted NANF structure deformation, two-step splicing methods is developed. First step uses relatively high fusion power and short fusion time to fuse the fibers weakly, while the second one uses lower power and longer fusion time. We also studied how the angled splicing contributes to unwanted coupling into the LP11 mode and found it to be at acceptable level below -24 dB for a cleave angle of 2.2°. Finally, we demonstrate the benefit of our angled interconnection approach in short-distance 10 Gbit/s data transmission experiments. Multi-path interference due to the Fresnel back-reflections in flat-cleave spliced NANF to SMF pigtails caused a 1.5 dB bit error ratio (BER) power penalty, while angled splicing with as little as 1.1° completely eliminated this penalty.
II. Design and splicing between SMF and NANF
To achieve a low connection loss, we use a GRIN fiber based mode field adapter [20]. Our NANF has 6 nested tubes, operates in the 1st antiresonant window and is very similar in structure and parameters to the NANF discussed in ref. [6].
A. Angle cleaving
First, we spliced a piece of the GRIN fiber to an SMF pigtail. Subsequently, we cleaved it to an optimum length (that produces the optimum mode field adaptation required for low connection loss [20], which we found for our fibers to be ~ 277 µm) and desired angle. For this, we added a rotation stage to a Fujikura CT-105 cleaver which allowed us to control the fiber twist angle before clamping it and thus gave control over the cleave angle [21]. Further, we added a z-adjust stage to enable accurate positioning of the fiber to control the GRIN length, as shown in Fig. 1.
Fig. 1.  Fiber cleaver setup for angled cleaving.

To measure the obtained cleave angle, we inserted the fiber into a fiber splicer equipped with cameras and software to calculate the end-facet angle. After optimization of the setup we achieved a cleave angle accuracy of around 0.3°.

We also measured the back-reflection of the SMF-GRIN component using an unpolarized broadband source (amplified spontaneous emission (ASE) from an erbium doped fiber amplifier, EDFA) and a circulator. We calibrated it with a flat-cleaved SMF-GRIN. Fig. 2 shows the back-reflection values obtained for different SMF-GRIN angles with photographs of selected SMF-GRIN components. We found that the flatness of the end-face was good up to an angle of about 5°. For back-reflections at larger cleave angles which we show in Fig. 2 for completeness, the data were obtained from the angle-polished SMF-GRIN components presented in [20]. In Fig. 2 we see that the back-reflection level drops very quickly for angles up to 2.5° and then continues to decrease albeit at a significantly slower rate.
Fig. 2.  Relationship between GRIN angle and back-reflection. Insert pictures are GRIN with different angles.

This rate of change is important here. As we will show later, the connection loss increases with cleave angle and thus there is a trade-off between the back-reflection suppression and connection loss, which we elaborate on in the next paragraph. In regard to connection loss, we firstly calculated it as a function of the cleave angle.
Fig. 3.  Simulation results of SMF-NANF connection loss under different GRIN angles (black diamonds and quadratic fit) and measured results (blue stars).
To do so, we used a beam propagation method solver BeamLab to simulate the evolution of the mode field from the SMF to the GRIN, thereby obtaining the field distribution at the angle-cleaved facet of the GRIN. The calculated fields where then used to compute the coupling efficiency/loss to the guided modes of the NANF which were found via a fully-vectorial finite element mode solver in Comsol. The calculated coupling loss to the fundamental mode of the NANF is shown in Fig. 3 as a function of selected values of GRIN cleave angle. As can be seen from the figure, we found the loss to obey a nearly quadratic dependence (red line) in Fig. 3. Up to the 2° of the GRIN angle, the connection loss increases only slowly and stays below 1 dB. With further increase of the GRIN angle, the rate of connection loss increases, reaching 2.8 dB at 4°, 4.2 dB at 5°, and >10 dB at 8°.
From the above analysis, we conclude that 1° (connection loss of 0.5 dB, back-reflection below -25 dB) and 2° (connection loss of 1.0 dB, back-reflection below -40 dB) provide important trade-offs. The first one reduces back-reflection of the flat-cleaved connection by 10 dB while increasing connection loss by as little as 0.15 dB. The 2° angle reduces back-reflection significantly, while maintaining connection loss at 1-dB level. Targeting even lower back-reflection of -50 dB would require a 4° angle but would already induce a connection loss of about 3 dB. Although such low-level of back-reflection is required in some systems sensitive to multi-path interference (e.g., as specified in IEEE
TABLE 1
802.3cu), in many applications -40 dB is sufficient. Targeting -60 dB back-reflection would introduce an unacceptable connection loss of >10 dB. These results are summarized in TABLE 1, where we show in bold results that represent the best trade-offs between coupling loss and back-reflection. Subsequently, we made three interconnections of SMF-NANF-SMF with 0.1°, 1.1° and 2.2° degree, and plotted the connection loss results in Fig. 3.
B. SMF-GRIN-NANF splicing
To avoid collapse of the NANF microstructure made of very thin tubes (about 500 nm), we developed a modified offset fusion recipe for the LZM-110 fusion splicer from Fujikura. Firstly, the GRIN and NANF were offset-fusion spliced with relatively small power and the GRIN slightly pushed into the NANF to form a very weak splice which did not damage the NANF microstructure. Subsequently, the fusion power was increased over a short time while continuing to push the GRIN into the NANF, thereby forming a relatively strong fusion splice. Such splices did not break when removed from the splicer. To secure the splice, we housed it in a standard 60-mm heat-shrink splice protector. Interconnections with three different angles were fabricated, an example of each is shown in Fig. 4. In our experiments, the fusion process added about 0.1 dB excess connection loss due to the splicing procedure for the flat GRIN-NANF and 0.3 dB for the angled GRIN-NANF. We believe this excess splice implementation loss could be improved by further optimization of the recipe.
Fig. 4.  Splice of GRIN with NANF with GRIN/NANF angles of (a) 0.1°, (b) 1.1°, and (c) 2.2°.
III. Results
We characterized the connections in terms of connection loss, high-order mode excitation, and back-reflection.
A. Connection Loss
As NANF is not strictly single-moded, measurement using a single SMF-NANF interconnection can include coupling into the higher order modes (HOMs), while it is the coupling into the fundamental mode that is usually of interest [15]. There are several possibilities to measure coupling into the fundamental mode only. This includes using a long enough length of NANF to eliminate any HOM component (as the HOM has a much higher attenuation than the fundamental mode), using techniques that decouple the modal content at the fiber output (such as S2 [22]), or connecting SMF at both ends of the NANF and measuring the connection loss with a broadband light source. We chose the latter technique (using the set-up shown in Fig. 5), in which the loss of the SMF-NANF is evaluated as half of the total SMF-NANF-SMF connection loss [15]. For the used NANF length of 20 m, the loss of NANF (<0.01 dB) can be neglected in the coupling loss estimation. However, if longer NANF lengths were used, this would need to be considered. Besides connection loss, the chosen method also allows for straightforward analysis of the HOM excitation [15], which we describe later.
We prepared three SMF-GRIN-NANF-GRIN-SMF samples using a 20 m long NANF and average cleave angles of 0.1°, 1.1° and 2.2°.

Fig. 5.  Connection loss and high order mode coupling measurement setup.

In our measurement, Fig. 5, we use broadband unpolarized amplified spontaneous emission from an EDFA as the light source. We first measure the reference power by using a simple patch-cord. Subsequently, we break the patch-cord in the middle and splice our SMF-NANF-SMF under test. In the subsequent measurement, we neglect the contribution from the two SMF-SMF splices required. The connection loss of spliced 0.1°, 1.1° and 2.2° SMF-NANF connections are 0.65, 0.85, and 1.25 dB, respectively. Loss reported here includes the connection loss between SMF and GRIN. We plot these values next to the calculated values in Fig. 3. Here, we see that the measured values are only slightly (less than 0.2 dB) above the calculated numbers.
B. High-order Mode Coupling
Introducing an angle into the connection breaks its circular symmetry, which may result in excitation of HOMs with the corresponding symmetry. In NANF, only the LP11 has such a symmetry and a simultaneously low enough attenuation to be measurable or of importance. The NANF used here was determined to have a LP11 mode attenuation between 10 and 20 dB/km [6]. This is significantly lower than the latest-generation NANFs, where the HOM attenuation can be as large as 2800 dB/km [8]. The level of excitation of HOMs can be found by Fourier transforming the transmission spectrum [15]. We measured the transmission spectrum by replacing the power meter with an optical spectrum analyzer (OSA), Fig. 5. The wavelength dependent loss variations in 0.1° and 1.1° connection are smaller than 0.05 dB, while in 2.2° connection, it is smaller than 0.1 dB.
Results after Fourier transform are shown in Fig. 6. The grey area shows where we expect the peak associated with the LP11 mode to lie from our simulations. Following the analysis discussed in [15], unwanted cross-coupling into the LP11 mode was below -30 dB for the flat connection (consistent with the value obtained in [15]), -25 dB for 1.1°, and -24 dB for 2.2° angles, respectively. Such a low level of cross-talk is acceptable in most applications even with the current NANF used which has a relatively low LP11 mode attenuation. Such low cross-coupling should be sufficient even in the most demanding applications in the latest-generation NANFs with much higher LP11 mode attenuation. For example, LP11 attenuation as high as 2.8 dB/m was recently reported [8].
Fig. 6.  Differential group delay (DGD) calculated by Fourier transformation of the transmission spectra for the three realized samples with average cleave angles of 0.1° (a), 1.1° (b) and 2.2° (c). The calculated LP11 mode delay is shown in gray.
C. Back-reflection Measurement
Fig. 7.  OTDR measurement of three samples with average angles of 0.1°, 1.1°, and 2.2° degrees.
To evaluate both connection points in our SMF-NANF-SMF samples separately, we used an optical time domain reflectometer, OTDR (Luciol, Switzerland). The results obtained with 2 ns pulses are shown in Fig. 7. For the flat-cleaved link, we see two strong back-reflections (as expected at -15 dB). With 1.1° cleaves, the back-reflection power was suppressed to below -25 dB. For 2.2° cleave angle, the back-reflection was suppressed to below -40 dB.
IV. Data transmission experiment
In communication systems using HCFs, there are potentially two main sources of multi-path interference. The first one is due to the residual excitation of HOMs at the HCF end faces, but also along the HCF length [23], where a portion of light couples into a HOM, propagates there accumulating a delay in respect to the fundamental mode, and eventually couples back, causing multi-path interference. Reduction of this unwanted effect was already demonstrated via new NANF designs that have significantly higher attenuation of the HOMs and thus strongly reduced multi-path interference [8]. The second source of multi-path interference is due to the Fabry-Perot effect, where two “low-reflectivity mirrors’ are formed by Fresnel reflections from the SMF/GRIN at the HCF input and output. If these back-reflections are not suppressed, 3.4% of the signal is reflected backwards toward the input splice, where 3.4% of this component is again reflected – this time back in the forward direction. Thus, multi-path interference of the signal with the early component of the signal that underwent an extra round-trip can occur. As the attenuation of HCFs reduces this effect starts to become more significant and is particularly relevant to relatively short HCF links where the round-trip loss is small (e.g., for 2 km length and a loss of 0.174 dB/km, the round-trip loss is only 0.35 dB) meaning that multi-path interference effects can be appreciable. We believe this effect is relatively independent on the coherence length of the signaling laser, as a short coherence length is expected to produce incoherent interference between the signal data bits, while a long coherence length would produce interference of the fields, which, however, will be averaged over long time as the optical length of the fiber changes due to, e.g., temperature. Such averaging is likely to have the same effect as using a low-coherence signaling laser.
To evaluate this effect, we sent a 10 Gbit/s on-off keyed (OOK) signal generated and received by a 10G SFP+, 80-km reach transceiver through our three 20 m long NANF interconnected samples and measured the bit-error-ratio (BER). Fig. 8 shows the results, including the back-to-back measurement. We see that the BER curve slope is appreciably reduced for the flat-cleaved sample with a BER power penalty of 1.5 dB at the BER = 10-9. Introducing a cleave angle as small as 1.1° however renders this penalty negligible. This is understandable, as the round-trip loss for the 1.1° sample is increased by as much as 20 dB with respect to the flat-cleaved sample. A cleave angle of 2.2° would increase the round-trip back reflection loss by 50 dB relative to the flat cleave case, which should be is sufficient to reduce the multi-path interference to negligible levels even for the highest baud rate/complex modulation format transponders under development.
Fig. 8.  BER measurement of the three prepared samples and its comparison to the back-to-back performance.
V. Conclusions
We experimentally demonstrated a spliced SMF-GRIN-NANF interconnection technique offering both low loss and low back-reflection. Firstly, we studied the relationship between back-reflection suppression and cleave angle. We found that the insertion loss at 1-dB level can be achieved with simultaneous back-reflection reduction to -40 dB. This performance achieved with the 2° cleave angle represents only a modest increase in connection loss (by 0.6 dB) for a significant reduction in back-reflection (by 25 dB) as compared to the flat-cleaved interface.
We spliced three SMF-NANF-SMF samples, each having two identical interfaces with angles of 0.1°, 1.1°, and 2.2°, respectively. We developed a modified offset splicing technique that minimized the excess splice loss increase during the fusion splicing step. For flat-cleaved connection, this excess splicing loss was smaller than 0.1 dB, while for angle-cleaved interconnection, it was smaller than 0.3 dB.
Besides connection loss and back-reflection levels, we also analyzed unwanted coupling into LP11 mode using Fourier analysis of the transmission spectra. We found it to be below -24 dB at a cleave angle of 2.2°, which is sufficient for most applications.
To demonstrate how the reduced back-reflection can improve performance of a photonics system, we conducted short-distance data transmission experiments at 10 Gbit/s, for which a flat-cleaved sample introduced a 1.5 dB power penalty at BER = 10-9. This was attributed to the multi-path interference due to a portion of the signal travelling an additional round-trip due to Fresnel reflections. This penalty was effectively eliminated with a modest reduction in back-reflection (by 10 dB), achieved by using a cleave angle as small as 1.1°. We expect that higher baud rate data signals with more advanced modulation formats may require a higher level of back-reflection reduction, as offered by our interconnection process with a 2.2° angle cleave, (25 dB back reflection reduction versus a flat-cleaved interconnection).

The inherent advantages of the interconnection approach we have presented include the possibility of using already-available splicers and cleavers with only small modifications. Splicing is also a preferred method when working in harsh environments, where alternative approaches, such as gluing, may be less suitable.
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