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Abstract Optical side leakage radiometric measurement is implemented on anti-resonant hollow-core 

fibers. The metrics of propagation loss, defect location, and phase birefringence are acquired with high 

precision. Polarization-dependent light leakage collected by an integrating sphere is identified. ©2023 

The Author(s) 

Introduction 

Recent years, the rapid progress in hollow-core 

optical fiber (HCF) technology has provided for a 

brand-new light processing platform to overcome 

the limitations imposed on silica optical fibers, 

with the virtues of broadband transmission [1], 

low latency [2], ultralow nonlinearity [3,4], and low 

thermal sensitivity [5,6]. Amongst all types of 

HCFs, anti-resonant type of HCFs (ARFs) with 

tubular cladding structures, such as conjoined-

tube fibers (CTF) [7] and nested anti-resonant 

nodeless fibers (NANF) [8] (or double NANF [9]), 

are the most promising ones for ultralow loss. To 

further improve the performance of these ARFs, 

it is urgently needed to in-detail learn the light 

guidance in the fibers by using a distributed 

characterization method. 

For the distributed characterization of fibers, 

the widely adopted approaches are based on 

reflectometric techniques, such as optical time 

domain reflectometry (OTDR) [10] and optical 

frequency domain reflectometry (OFDR) [11]. 

However, the backscattered light in ARFs is 

difficult to detect, because it is 3 to 4 orders of 

magnitude lower than that in silica fibers or in 

photonics bandgap HCFs. Accordingly, reflecto-

metric measurement in ARFs requires a costly 

setup for enhanced detection sensitivity, and a 

certain extent of sacrifice of spatial resolution 

seems inevitable. Moreover, a strict requirement 

of ultralow back reflection at the input facet of an 

ARF renders all the reflectometric measurements 

tricky for practical implementation. An alternative 

method is to detect the light scattering or leakage 

on side [12], however, to the best of our 

knowledge, such research in ARFs has not been 

reported.  

In this paper, we use the optical side leakage 

radiometry (OSLR) to distributed characterize our 

in-house-fabricated ARFs with high spatial 

resolutions of cm level. The result validates that 

the OSLR is very suited to ARF because the light 

leakage mainly concentrates around the fiber 

axis in the forward direction. Our experiments 

also observe a polarization-dependent light 

leakage phenomenon, thus enabling us to 

identify a trace phase birefringence in an ARF of 

10-7 level. 

Experimental Setup 

The setup of our OSLR is shown in Fig. 1. The 

ARF under test is coiled on a bobbin with the 

circumference of 1 m, and is spliced to a single 

mode fiber (SMF) for light launch from the laser 

source (ID Photonics, CBDX1) at 1550 nm. In the 

measurement, the ARF is re-spooled to another 

bobbin of the same size by a rewinder. A fiber 

rotary joint connecting two SMF pigtails provides 

an unchanged coupling efficiency. When the ARF 

under test passes through an integrating sphere 

of a spatial resolution of ~5 cm (Thorlabs, 2P4/M), 

the light leakage will be collected and sent to a 

 
Fig. 1: The setup of the OSLR. Inset 1: variation of the launched SOP in an ARF as the fiber joint rotates. Inset 2: schematic 

of the side light leakage from the ARF. PC, polarization controller; IS, integrating sphere; DET, photodetector. 



  

photodetector (Thorlabs, PDF10C/M). Then, the 

photocurrent is recorded in real time by a data 

acquisition card as a function of fiber distance. 

Polarization Dependence of Light Leakage 

The first sample ARF is a ~140 m long NANF 

(NANF#1) with a core diameter of 28 μm and an 

average glass wall thickness of 425 nm. The cut-

back measured loss spectrum, the scanning 

electron microscope (SEM) image of the cross-

section, and the simulated fundamental mode 

profiles are shown in Fig. 2(a).  

 Before OSLR measurement, the polarization 

dependence of light leakage collected by the 

integrating sphere is tested. When the rewinder 

keeps still and the launched state of polarization 

(SOP) in NANF#1 is varied by tuning a 3-paddle 

fiber polarization controller, the intensity of the 

light leakage collected by the integrating sphere 

is recorded. As shown in Fig. 2(b), a variation of 

~2 dB is manifest. Meanwhile, only a <0.2 dB 

variation of the transmitted light intensity is 

observed at the output end of the fiber rotary joint 

and the whole NANF#1 (after the two bobbins) 

when the SOP is tuned, which verifies a 

negligible polarization-dependent loss (PDL). 

The light leakage collected by the integrating 

sphere thus exhibits a pronounced polarization-

dependent feature, probably due to the relevance 

of the leakage profile of an ARF with the SOP [13].  

OSLR Results of NANF#1 (with high loss) 

Then, the side leakage of NANF#1 is measured 

at a rewind speed of ~10 m/min. The original 

OSLR trace is shown in Fig. 3(a). A periodic 

fringe with a peak-to-peak value of ~2 dB 

appears. This can be attributed to the polarization 

dependence of the light leakage collected by the 

integrating sphere as discussed in Fig. 2(b), 

because the SOP in NANF#1 varies periodically 

as the fiber joint rotates (see inset 1 in Fig. 1). In 

an ARF, the coupling of the two orthogonal 

polarization modes can be safely ignored [14]. 

The red and the blue dash curves in Fig. 3(a) 

show the linear fits to the maxima and the minima 

of the fringe, giving the propagation losses of 

43.1 dB/km and 43.8 dB/km, respectively, in 

agreement with the cut-back measured loss in 

Fig. 2(a). 

To further study the fringe, the OSLR trace is 

Fourier transformed (FT) after removing the 

average slope, see Fig. 3(b). Several peaks 

appear in the FT curve. Firstly, the main peak lies 

at the spatial frequency of 2 m-1, coinciding with 

the half of the circumference of our bobbin. Since 

the polarization in NANF#1 rotates with the 

period of half a circle of the bobbin, this peak (at 

2 m-1) obviously arises from the polarization-

dependent light leakage collected by the 

integrating sphere. Secondly, the peak at the 

spatial frequency of 1 m-1 may come from the 

periodic variation of the insertion loss of our fiber 

 
Fig. 2: (a) The cut-back measured loss spectrum of NANF#1. 

Inset: the SEM cross-section image and the simulated 

fundamental mode profiles of the two polarizations (in linear 

scale). Scale bar: 20 μm. (b) The measured side light leakage 

when tuning the SOP. 

 
Fig. 3: (a) The OSLR measurement result of NANF#1 at 1550 nm. The inset shows a magnified view of the trace. The red 

and the blue dash lines are the linear fits to the maxima and the minima of the fringe, respectively. (b) The FT of the OSLR 

trace in (a). (c) The OSLR trace after low-pass filtration. 



  

rotary joint. Thirdly, very interestingly, the peak at 

~0.38 m-1 should be relevant to the phase 

birefringence of NANF#1. From the value of 

~0.38 m-1, the derived phase birefringence is 

~5.9× 10-7, which is in agreement with the 

numerically simulated results of ∆neff ≈ 4×10-7 

according to the SEM picture in Fig. 2(a). The 

other peaks in Fig. 3(b) appear at the sum or 

difference of the above three spatial frequencies. 

After filtering off all the peaks outside the 

greenish region of Fig.3(b), Fig. 3(c) shows a 

smooth OSLR trace, yielding a loss of ~43.5 

dB/km, which agrees very well with the cut-back 

measured result of ~45 dB/km.  

OSLR Results of NANF#2 (with low loss) 

Another 450 m long ARF sample (NANF#2) with 

a lower loss (~8 dB/km at 1550nm) is measured 

in the same way. It has a core diameter of 27 μm 

and an average glass wall thickness of ~450 nm. 

The SEM image of the cross section is shown in 

Fig. 4(a). 

The OLSR measurement results are shown in 

Fig. 4(b), which have already been processed by 

low pass filtration. The three OSLR curves are 

acquired at different laser powers, coinciding well 

with each other. It is seen that the OLSR traces 

of NANF#2 can be divided into three segments--

-the high order mode (HOM) dominant region, the 

fundamental mode dominant region, and some 

spiky regions. In the first segment of 30 m long, 

the light leakage is mainly contributed by the 

HOM (e.g., the LP11 mode). The three curves in 

Fig. 4(b) show slight differences in this region, 

because of the different excitation conditions of 

HOM through a fiber splice in the three cases. An 

average loss of ~300 dB/km is measure in this 

region. After a ~50 m long transition region, the 

light leakage after the fiber length of 80 m mainly 

embodies the fundamental mode. The slope of 

the OSLR trace in this region is not uniform, 

implying the existence of a lot of microstructure 

defects incorporated in fabrication. The average 

loss of the fundamental mode is linearly fitted to 

be ~7 dB/km, slightly lower than the cut-back 

measured value of 8 dB/km. Notice that a cut-

back measurement may count in more 

contribution from the loss of HOM, while the 

distributed characterization by OSLR can give 

many details of the tested fiber with good 

accuracy. Additionally, after FT of the OSLR trace, 

the phase birefringence of NANF#2 is measured 

to be ~1.86×10-7, agreeing very well with the 

simulated result of ~1.9×10-7. 

Another unique merit of OSLR is precise 

detection of defect locations (with the spatial 

resolution of ~5 cm). As shown in Fig. 4(b), four 

peaks are clearly found at the distance of 45 m, 

125 m, 357 m, and 364 m. The locations of these 

peaks match well in the three measurements. 

These peaks correspond to excessive light 

leakage or scattering, which are mainly caused 

by defects of microstructure. 

Conclusions 

Non-destructive and distributed characterization 

of ARF is realized by using OSLR method. The 

polarization-dependent light leakage collected by 

an integrating sphere is identified. This method is 

implemented in two in-house-fabricated NANF 

samples. By using Fourier analysis and spatial 

frequency filtration, the propagation loss, defect 

location, and phase birefringence of these 

NANFs are retrieved from the OSLR trace. This 

method combines high spatial resolution and 

potential high dynamic ranges, thus providing a 

unique tool to monitor the quality of ARFs. 
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Fig. 4: (a) The measured loss spectrum of NANF#2 by cut back method. Inset: the SEM cross-section image. Scale bar: 

20μm. (b) The OSLR traces of NANF#2 of three measurements after low pass filtration. 
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