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Abstract We investigate the feasibility of a Fiber Bragg Grating (FBG) in an antiresonant hollow-core 

fiber by exploiting the enhanced mode-field overlap of the fundamental mode with silica cladding, in the 

resonant band of wavelengths. The proposed FBG can achieve high reflectivity with an insertion loss of 

0.5 dB. ©2022 The Author(s) 

Introduction 

Hollow-core fibers (HCFs) have revolutionized 

the field of fiber optics in the past couple of 

decades because of the unique advantages 

offered by propagation of light in air. HCFs exhibit 

~30% reduction of latency, orders of magnitude 

lower nonlinearity and a much higher power-

handling capacity, as compared to the standard 

all-solid fibers [1]. The latest reports based on 

antiresonant hollow-core fibers (ARHCFs) have 

demonstrated propagation loss comparable to 

silica in C and L bands, making them a promising 

candidate for next generation optical 

communication systems [2]. To achieve the goal 

of all-fiber systems based on ARHCFs, it is 

imperative to develop compatible passive 

components like wavelength filter [3], polarizer 

[4], coupler [5], mode-converter [6] etc.  

Fiber Bragg grating (FBG) is another critical 

component for an optical communication system 

[7]. FBGs are also widely used in sensing 

applications because of their compact size, high 

sensitivity, and ease of multiplexing [8]. FBGs 

work by the principle of coupling of the 

fundamental mode to the backward propagating 

mode by virtue of externally induced periodic 

perturbation of refractive index in the fiber core, 

over a short length [9]. Due to the excellent 

confinement of light in the hollow-core of an 

ARHCF [10] and an extremely low overlap of the 

fundamental mode field with surrounding silica 

cladding, it has not yet been possible to develop 

a fiber Bragg grating in this fiber. In this work, we 

report a nested ARHCF design, operating in the 

resonant band of wavelengths, to achieve a high-

efficiency FBG with low insertion loss. It is the first 

design to realise an FBG in a hollow-core fiber. 

The proposed FBG should find applications in 

temperature-insensitive environmental sensing 

[11], gas-filled hollow-core fiber-based laser 

systems [12], and future optical communication 

systems based on ARHCFs [13]. 

Design principles 

ARHCFs belong to a special class of HCFs, 

wherein light guidance can be explained by the 

principle of antiresonant reflection in waveguides 

(ARROW) [14] and inhibited coupling of 

fundamental core mode with lossy modes of the 

silica cladding [15]. The confinement of light is 

enhanced by the negative curvature of the core 

boundary [16]. A typical ARHCF transmission 

spectrum consists of wavelength bands 

characterized by high (resonant bands) and low 

(antiresonant bands) confinement loss (CL). The 

long wavelength edge of the resonant band can 

be estimated by the condition – 

𝜆 =
2𝑡

𝑚
√(𝑛2 − 1)         (1) 

where t is the wall thickness of the cladding 

capillaries, n is the refractive index of silica glass, 

 is the operating wavelength, m is an integer and 

hollow core region’s refractive index is assumed 

to be 1. Fig. 1a and 1b show the schematic 

transverse cross-sections of a single tube lattice 

ARHCF and a nested ARHCF (NANF) [17] 

respectively. A nested structure increases the 

confinement of fundamental mode field to the 

hollow core region by virtue of two additional 

dielectric-air interfaces [10]. Here D is the core 

diameter, t and tn are the wall thicknesses of the 

outer and the nested capillaries respectively, and 

d and dn are the diameters of the outer and 

nested capillaries, respectively. 

In the antiresonant wavelength band of an 

ARHCF, the fundamental mode field is well 

confined to the hollow-core region and as a result 

Fig. 1: a) Single ring ARHCF design b) Nested ARHCF 

(NANF) design with different thickness of outer and nested 

capillaries. Yellow region: air, pink region: silica 

a) b) 
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<10-4 fraction of the total optical power lies in the 

cladding region, leading to minimal overlap of the 

fundamental mode field with the silica capillaries. 

To inscribe an FBG in a hollow-core fiber, the 

periodic perturbation of refractive index can only 

be induced on the silica cladding. Therefore, the 

fundamental mode field should have a sizeable 

overlap with the silica cladding to achieve a 

significant Bragg reflection. The coupling 

coefficient  for contra-directional coupling of the 

fundamental mode is proportional to the overlap 

integral of the fundamental mode field with the 

refractive index perturbation Δ𝑛, and is defined by 

Eqn. 2 [9]. Here 𝐸 is the transverse electric field 

of the fundamental mode, 𝜔 is the operating 

angular frequency, 𝜀0 is the free space 

permittivity and the refractive index perturbation 

Δ𝑛2 can be approximated as 2𝑛Δ𝑛. Since the 

refractive index perturbation can be inscribed 

only on the silica capillaries, Δ𝑛 = 0 elsewhere, 

the surface integral is evaluated numerically only 

over the capillaries. The length of the FBG 

required for maximum reflection is given by L = 

1/. 

 

𝜅 =
𝜔𝜀0

4
∬ 𝐸∗Δ𝑛2𝐸 𝑑𝑎       (2) 

The grating period Λ can be evaluated by the 
standard grating equation, where 𝑛𝑒𝑓𝑓 is the 

effective refractive index of the fundamental 

mode: 

Λ =
𝜆

2𝑛𝑒𝑓𝑓
         (3) 

In pure silica glass, UV phase mask writing 

technique can produce Δ𝑛~ 5 x 10−4 [18], while a 

femtosecond laser inscription can result in Δ𝑛 >
 1 x 10−3 [19].  

Results and discussion 

We simulated the ARHCFs using full vector 

finite element method using COMSOL 

Multiphysics software. The performance of the 

FBG was optimized for shorter length for practical 

fabrication and lower insertion loss. We first 

modelled a single ring ARHCF (Fig. 1a) and 

assumed core diameter D = 30 m, t = 0.5 m 

and capillary diameter d = 0.6D to ensure 

effective single mode operation in the widely 

used 1 µm wavelength region. A uniform 

refractive index perturbation is assumed for all 

capillaries, and zero elsewhere. It was found that 

for  in the antiresonant band, Δ𝑛 =
 1 x 10−3 would necessitate > 1 m long FBG, 

which is impractical.  

The overlap of the mode field with silica 

cladding increases as one approaches the 

resonant band of wavelengths, which opens a 

window of opportunity to achieve higher 𝜅, and 

hence, shorter FBG. However, as the field 

spreads out to the cladding, the CL also 

increases. Fig. 2 shows the spectral variation of 

the required grating length and CL in a single ring 

ARHCF.  

We note from Fig. 2 that the resonant 

wavelength region from 0.91 m to 1.11 m is 

characterised by a high CL. We also note that as 

we approach the centre of this resonant 

wavelength band, the required grating length 

decreases and CL follows the reverse trend, and 

peaks up for wavelengths in the centre of the 

resonant band. The insertion loss of the FBG will 

be a product of grating length and the CL. The 

transmission spectrum can be shifted solely by 

changing the capillary wall thickness t (Eq. 1). 

Hence, one can optimize t for the operating 

wavelength to correspond to low insertion loss 

and a practical grating length of few centimetres. 

Data derived from Fig. 2 suggests that the best 

possible results for an FBG in the considered 

single ring ARHCF are at 1.06 m, corresponding 

to a grating length L = 1.8 cm and insertion loss 

= 1.3 dB. These results are a huge improvement 

over an FBG designed operating at a wavelength 

within the antiresonant band, but these numbers 

can be improved further by taking advantage of 

state-of-the-art NANF design (Fig. 1b).  

We designed a NANF structure to have bi-

thickness capillaries such that the operating 

wavelength corresponds to the resonant band of 

the outer capillaries, but to the antiresonant band 

of the nested capillaries. While the outer 

capillaries weaken the confinement of the 

fundamental mode field and allow for a sizeable 

overlap with the silica region, the nested 

capillaries, corresponding to the antiresonance 

region, resist the spread of mode field further into 

the silica jacket. As a result, the overall CL is 

reduced appreciably, and one gets additional 

design handles to achieve shorter grating length 

along with lower CL. We performed a systematic 

Fig. 2: Spectral variation of confinement loss and grating 

length for maximum coupling in a single ring ARHCF. 
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parametric study over different fiber parameters 

to achieve the optimized fiber design. Table 1 

lists the optimized fiber parameters. 

 

 

Fiber parameter Symbol Value (m) 

Core diameter D 30 

Diameter of outer 

capillary 

d 18 

Wall thickness of 

outer capillary 

t 0.57 

Diameter of 

nested capillary 

dn 12.7 

Wall thickness of 

nested capillary 

tn 0.65 

 

Figs. 3a and 3b respectively show the 

fundamental mode fields in the optimized bi-

thickness NANF and the single ring ARHCF. We 

note how the fundamental mode is coupled to the 

outer capillaries in the NANF, while the nested 

capillaries remain antiresonant. Fig. 4 shows the 

spectral variation of the FBG length and CL in the 

bi-thickness NANF. The several sharp loss peaks 

in the spectrum and corresponding peaks in the 

FBG length are noteworthy here. Each loss peak 

corresponds to the resonant coupling of the 

fundamental core mode to discrete cladding 

modes, which is a typical characteristic of 

antiresonant fibers [15]. At each of these 

resonant wavelengths, the effective refractive 

index of the mode, the spread of the fundamental 

mode field and the CL undergoes a dramatic 

variation. If the intended fiber device is short (few 

cm long), then the loss of the device can be 

designed to be negligible (< 1 dB) even while 

operating within the resonant band. We have 

earlier exploited these in-resonant band loss 

peaks for realising an inline fiber polarizer in a bi-

thickness ARHCF and have experimentally 

demonstrated a compact, low-loss, high-

efficiency device [4]. 

For the designed NANF at =1.08 m, the 

required grating period is 2.2 m and the 

resultant FBG is expected to have a short length 

of 0.3 cm with a propagation loss of only 0.3 dB. 

These values are a significant improvement over 

a single ring ARHCF.  

We also investigated the effect of number of 

rings in the ARHCF structure on the performance 

of the FBG. We found that even though 

increasing the number of rings confines the mode 

field better and improves the confinement loss, 

the net overlap with refractive index perturbation 

increases because of more silica rings. Our 

simulations reveal that the fraction of total power 

overlapping with silica rings in the optimized 6-

ring NANF (6R-NANF) is 0.8%, while that in a 7R-

NANF is 3%. Therefore, a 7R-NANF led to better 

FBG (shorter length and lower loss) than a 6R 

NANF. However, increasing the number of rings 

beyond 7 deteriorates the higher order mode 

extinction ratio (HOMER) of the fiber [20]. 

The designed FBG can easily be fusion 

spliced to a mode-matched standard ARHCF with 

splice loss as low as < 0.2 dB [4]. The total 

insertion loss of the FBG (splice loss + 

propagation loss) is thus expected to be ~0.5 dB. 

Even though the modal overlap with silica 

cladding is purposely increased in the proposed 

FBG, the total fraction of light in the silica 

cladding is still <5%. Therefore, the hollow-core 

FBG is expected to have much better thermal 

insensitivity and power handling capacity as 

compared to all-solid FBG, where 100% of light is 

confined to silica. 

Conclusions 

We present the first design for a hollow-core fiber 

Bragg grating. The design principles are 

discussed in detail and the FBG is optimized in 

terms of practicality of fabrication as well as 

insertion loss. The simulation results are 

promising to lead fabrication trials. 

Acknowledgements 

The authors thank National Research Foundation 

grant QEP-P4 for providing financial support for 

this research. 
  

Tab. 1: Fiber parameters of the bi-thickness NANF  

Fig. 3: Fundamental mode field at operating wavelength in 

a) bi-thickness NANF b) single ring ARHCF 

a) b) 

Fig. 4: Spectral variation of confinement loss and grating 

length for maximum coupling in the bi-thickness NANF. 
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