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Design of Negative Curvature Hollow Core Fiber
Based on Reinforcement Learning

Xiaowen Hu

Abstract—In negative curvature hollow core fibers (NCHCFs),
light guidance is based on the capillary structure in the cladding. To
achieve desirable fiber propagation properties, various designs of
the capillary structure have been proposed in literature. However,
the design process so far depends more or less on experience. In this
article, we propose a reinforcement learning (RL) based method
of systematically optimizing the capillary structure to achieve low
average confinement loss (CL) for a given operating wavelength
range and core radius. We use a recurrent neural network (RNN) to
interactively study the properties of different capillary structures.
The wavelength averaged CLs of the resulting designs are more
than one order of magnitude lower than the lowest average CL
of prior designs in literature. The same approach can be applied
to search for optimum capillary structures in terms of other fiber
propagation properties such as bending loss (BL), higher order
modes extinction ratio (HOMER), overlap of the optical mode with
the capillary structure, or a trade-off among these properties.

Index Terms—Negative curvature hollow core fiber, optical fiber
design, reinforcement learning.

1. INTRODUCTION

INCE their first proposal [ 1], [2], negative curvature hollow
S core fibers (NCHCFs) have triggered a lot of interest due
to their low losses over a wide wavelength span and freedom in
design when compared to other hollow core fibers (HCFs) such
as hollow core photonic bandgap fibers (HC-PBGFs) [3]. The
light guidance in NCHCFs is achieved by inhibited coupling
(IC) between the core modes and cladding modes. The low loss
transmission windows are determined by the cladding capillary
thickness according to the anti-resonant reflecting optical wave-
guide (ARROW) model [4]-[6]. The three main parameters that
characterize the performance of a NCHCF are mode attenuation,
bending loss (BL) and higher order modes extinction ratio
(HOMER). There are three loss mechanisms that result in mode
attenuation: confinement loss (CL), surface scattering loss (SSL)
and material absorption. CL, which relates to the leaky nature of
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the guided modes, is the dominant loss mechanism in the near
infrared region [7]. Reducing CLs is crucial for NCHCFs to be
used in long-haul telecommunication systems in replacement
of conventional silica solid core fibers. SSL [8], [9] is caused
by the surface roughness introduced by frozen surface capillary
waves (SCWs) during the fiber draw process. It is the factor that
limits the bandwidth of HC-PBGFs [10]. Material absorption is
negligible when NCHCFs are operating at telecommunication
wavelengths, where fused silica has ultra-low losses. However,
it becomes dominant in the far infrared and terahertz region
[7]. It is known that reducing the overlap between the light
field and the glass structure can result in lower SSL [3] and
lower material absorption. BL refers to the attenuation of modes
when the fiber is bent. It has been shown [11] that bending
can lead to a high frequency edge shift of the high loss peaks
and introduce additional loss peaks to the CL spectrum where
phase-matching conditions are satisfied. Low BL is also of high
importance in light delivery applications. HOMER, defined as
the ratio of the lowest CL of higher order modes (HOMs) to the
CL of the fundamental mode, characterizes the fiber’s ability
of single-mode operation. In NCHCFs, all HOMs exist at the
same time without cut-off condition. Although HOMs are rarely
observed in NCHCFs in long-haul transmission because of their
high CLs [12], they degrade the output beam quality of shorter
fibers. High HOMER is favorable in applications such as laser
beam machining and pulse compression. Because of the IC
guidance of modes in NCHCFs, CL, BL, HOMER and overlap
of the optical mode with the capillary structure have a strong
dependence on the cladding structures. Thus, much effort has
been made to study the relationship between cladding structures
and the properties of NCHCFs. There have been two main
design strategies. On one hand, analytical models have been
proposed to study the guiding mechanism of NCHCFs, such as
the ARROW model [4]-[6], the coupled-mode model [13]-[15]
and several others [11], [16]-[21]. Numerical methods have also
been used to study the effects of geometrical parameters on the
guiding properties [12], [22]-[26]. Nevertheless, the analytical
models are based on simplified fiber structures from the actual
NCHCFs whereas the numerical methods are either focused on
specific geometrical features or on conventional NCHCFs with
circular capillary tubes [1], [2]. Both approaches are far from
providing comprehensive guidelines on NCHCF designs. On
the other hand, besides the conventional circular-tube NCHCFs,
novel designs of NCHCFs have been developed more or less
empirically, including NCHCFs with nested tubes [7], [27], with
elliptical tubes [28]—[31], with semi-circular nested tubes [32],
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with adjacent nested tubes [33], [34], with radially asymmetric
nodeless claddings [35], with nested positive and negative cur-
vatures [36], with nested tubes and supporting rods [37], with
square cores [38], with lotus-shaped negative curvature [39] and
with conjoined tubes [40]. Among these designs, NCHCFs with
circular tubes, with nested tubes, with lotus-shaped negative
curvature and with conjoined tubes have been fabricated, of
which the lowest measured losses are 7.7 dB/km at 750 nm
[15], 1.3 dB/km at 1450 nm [41], 10 dB/km at 1550 nm [39],
and 2 dB/km at 1512 nm [40], respectively. However, despite
a few guidelines such as applying negative curvatures [24] and
avoiding touching points between cladding capillaries [22], the
design process so far relies much on experience.

Today, the rapid development of machine learning opens
another possibility of solving the NCHCF design problem. As a
branch of machine learning, reinforcement learning (RL) is an
algorithm that mimics the animals’ trial-and-error learning [42].
Unlike supervised learning [43] where the best action possible is
given by an instructor with a set of labeled examples, RL agents
evaluate an action by interacting directly with their environment
and improve their performance over time. The basic scenario of
an RL system is an iterative process. The decision-making agent
first perceives the information about the current environment,
called state. The agent then takes an action according to the
current state and its way of behaving, or its policy. Finally, after
an action has been taken, the environment gives the agent a
reward and transforms to a new state. The goal of the agent is
to accumulate the most rewards by improving its policy over
time. Recent years have witnessed many interactions between
the field of optics and RL. RL has been successfully applied in
optical systems such as optical communication networks [44]
and photonic reservoir computing [45]. Optical methods have
also been implemented in RL tasks, e.g. randomness generation
using laser chaos signal [46] and stigmergic signal processing
using solitonic waveguides [47].

In this paper, we treat the problem of NCHCF design as a
multi-armed bandit (MAB) problem [48], [49] in the context
of RL, where the best action is only to be learned in one state.
Specifically, the structure in the cladding is expressed as a stack
of small capillary segments. Different stacks of individual small
segments form the state space of all possible structures. With the
choices of reward signal related to CL, BL, HOMER, overlap of
the optical mode with the capillary structure, or a combination
of these parameters, the problem of finding the optimum design
is converted to finding the combination of the small segments
in the state space with favorable rewards. By applying the RL
method, we demonstrate, for the first time to the best of our
knowledge, a systematic way of designing the cladding structure
in NCHCFs. As an example, we show the design process of
finding the cladding structure with low average CL in a specific
range of operating wavelengths for a selected core radius.

II. METHOD

As a proof of concept, NCHCFs with eight symmetrically
arranged capillary structures in the cladding are studied. The
area to be designed s indicated as section (1) in Fig. 1(a), where a
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Fig. 1. (a) Schematic diagram of the quarter hollow core fiber cross section.
Rc and Rpoundary are the core radius and the largest possible radius of the
fiber, respectively. The area to be designed is section (1) within the boundary
indicated by the red lines. Pg is the starting point of the design process. An
arbitrary capillary structure (light blue) is shown as an example. The final radius
of the fiber cladding is determined by the furthest distance from the capillary to
the center. (b) Enlarged diagram of two segments in (a) showing the procedure
of attaching additional segments.

sample capillary structure is also shown. The structure is formed
by adding small segments of circular rings one after another
(Fig. 1(b)). Each segment has the same midline length [ but a
different radius 7;. Three quantities that uniquely define the i-th
segment are: the position of the ending point P;: (x;,y;), the
angle between the horizontal line and the tangent line at P;: 3;,
and the angle between the tangent lines at P;_; and P;_1P;: ;.
The iterative relation between the i-th segment and the (i—1)-th
segment can be deduced from the geometrical relations:

S0

Ty = (D
;T

Bi = 2a; + Bi1 2

x; = xi—1 + 2r;sinay; cos (a; + Bi—1) 3)

Yi = Yi_1 + 2r; sina; sin (a; + Bi-1) 4)

In the case of a rectangular segment, 3; = 3,1, and z;, y; are
simply given by:

x; = w1 +lcos By )
Yi = Yi—1 +1sin i1 (6)

All angles in Equation (1)—(6) are in degrees. Angles mea-
sured in the anticlockwise direction are positive and vice versa.
Thus, given the position of the starting point Py: (2, yo) and the
starting angle /3y, the final capillary structure can be expressed
by a sequence of angles: (a1, s, -+, ay,). For the geometry
shown in Fig. 1(a), 8y = —22.5°.

In the structure generation phase, the angles «; are randomly
picked from —55° to 55° with intervals of 5° for all segments
except for the first one, of which the angle «v; is between 15° and
55°in order to prevent trivial structures. The structure generation
process terminates when any of the following three conditions is
met: (i) the number of segments reaches the maximum number
of 20, (ii) the ending point of the capillary exceeds the boundary
indicated by the red lines in Fig. 1(a), or (iii) a termination signal
is received. The resulting sequence of angles is then added to



HU AND SCHULZGEN: DESIGN OF NEGATIVE CURVATURE HOLLOW CORE FIBER BASED ON REINFORCEMENT LEARNING

1961

7 oot N Em N S O S S ES S S S D D S e e S . . -~
\
Randomly
I RLPhase generated 1
1 wavelengtl 1
1 Randomly
pick 10,000 !
| — »(  HC-NCF |
1 designs ; I
| : Tramng~~\ (@ @2 a).y) I
| B set |
1 Repeat for 10,000 times )
/

Prediction Phase

1,000,000 \

HC-NCF -~ e e e e e = =

designs - o = = —
7

N\
Entire
spectrum

100 best

I
|
|
|
|
|
|
\

Fig. 2.

| )
» RNN > redicted
L g

designs

100 best
HC-NCF
designs

Flowchart of the RL based NCHCF design process. The steps indicated by solid arrows are executed every time when encountered. The dashed arrow

from the training set to the RNN means the whole training set is used to train the RNN every time when 100 new training pairs are added to the training set. After
the RL phase finishes, the trained RNN is passed to the prediction phase (light blue arrow).

the set of designs if no identical sequence already exists. With
this procedure, a set of 1,000,000 different NCHCF structures
is generated.

In the structure evaluation phase, where the CL of each
structure is calculated, angles are loaded from the sequence one
by one until the midline of one segment reaches the boundary.
The part of the segment outside of the boundary is truncated
and the remaining angles in the sequence are discarded. The
furthest distance from the center of the fiber to the capillary
structure is then calculated, which determines the inner radius
of the fiber outer cladding tube. The structure in section (1) is
flipped symmetrically to section (2) to form the complete unit
of the capillary structure. The unit structure is then repeated
in section (3) to form the complete quarter cross-section of the
hollow core fibers.

The capillary thickness of each segment is selected as 100 nm,
a thickness for which the first transmission window is centered
at 287 nm. For any intended operating wavelength, the required
capillary thickness can be easily deduced from the ARROW
model [4]-[6]. In our simulations, the midline length [ of each
segment is 2 pm and the core radius R. is 4.9 um. These
geometrical parameters are chosen because for this given core
radius, they enable a minimum loss design for a circular-tube
NCHCEF (Fig. 5 black squares) in the structure generation pro-
cess (with a constantly equals to 20°). The maximum radius of
the cross-section Rpoundary i 15 pim.

The RL based design process consists of two phases: the RL
phase and the prediction phase (Fig. 2). In each step of the RL
phase, a subset of 10,000 NCHCF designs are randomly picked
from the previously-generated design set and fed into a recurrent
neural network (RNN) [50]. The RNN then selects a design
using an e-greedy policy, that is, selecting the best predicted
design with probability (1-¢) and selecting a design randomly

with probability €. € remains 1 for the first 100 simulations,
linearly decreases from 0.9 to 0.1 over the 101st to the 8,000th
simulations and stays fixed at 0.1 over the remaining 2,000
simulations. Once a design is selected, its CL at a randomly
chosen wavelength between 240 nm and 390 nm is calculated
using a full vector finite-element method (FEM) based modal
solver COMSOL Multiphysics with MATLAB. The mesh size
and perfectly-matched layer (PML) parameters have been ad-
justed until a convergence test is passed. The refractive index of
silica is set to be 1.45. To fully distinguish different CL levels
and take advantage of the nonlinear rectified linear unit (ReLU)
[51], the ground truth is expressed as y = log,,CL + 10. The
pair of sequence of angles and ground truth y is then added to a
training set. The RNN is trained with the training set every time
when 100 new training pairs are added to the training set. The
whole process is repeated 10,000 times before the trained RNN
is transferred to the prediction phase. In the prediction phase,
the RNN selects the top 100 designs with the lowest predicted
CLs among the total 1,000,000 different NCHCF designs. FEM
calculations of the CL spectra of these 100 designs are performed
every 10 nm between 240 nm and 390 nm. Finally, these 100
designs are sorted according to their average CLs over this
wavelength range.

The architecture of the RNN is shown in Fig. 3. To improve
efficiency in training, all the sequences of angles are masked to
the same length of 20 with a mask value of 100. The sequence
of angles is normalized and passed through two blocks. Each
block has one Long Short Term Memory (LSTM) [52] layer
with 128 hidden units, followed by a batch normalization layer
and a ReLU layer. The LSTM layer in the first block returns the
full sequence whereas the one in the second block only returns
the last output. Before giving the prediction g, the output after
the two blocks is further passed through two dense layers with
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Fig. 3. Schematic of the RNN architecture. An arbitrary sequence of angles
is shown as an example. Before fed into the RNN, the sequence of angles is
masked to the maximum length of 20 with a mask value of 100.

ReLU as the activation function. The first dense layer has 64
output units and the second dense layer has 1 output unit. After
the forward propagation, the mean absolute error between the
prediction and ground truth is used as the loss function in the
back propagation [53]. The weights in the RNN are initialized
using the Xavier initializer [54] and updated using the adaptive
moment estimation (Adam) [55] optimizer algorithm with a
learning rate of 0.005, a gradient momentum of 0.9, a gradient
root mean square propagation (RMSProp) of 0.99, and decay
rate of 0.005. The RNN is trained for 10 epochs. In each epoch,
the training set is shuffled and divided into minibatches. The
size of the minibatches is 10 when the number of training pairs
is below 3000 and 100 when larger than 3000.

III. RESULTS

The NCHCEF design process takes about 3.7 days on a personal
computer with AMD Ryzen Threadripper 1950X 16-core pro-
cessor, NVIDIA GeForce GTX 750 Ti graphics card and 128 GB
memory. Fig. 4 (left) shows the CL as a function of the number
of simulations, which represents the learning curve during the
RL phase. It can be divided into two parts: exploration (Fig. 4 top
right), where the RL agent constantly explores the state space by
randomly selecting a structure, and exploitation (Fig. 4 bottom
right), where the structure with the lowest predicted average
CL among the subset is selected. The effectiveness of the RL
phase can be seen from the order of magnitude improvement
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Fig. 4. Left: The learning curve during the NCHCF design process. It can be
divided into exploration part (Top right) and exploitation part (bottom right).
Inset: CLs of the first 500 simulations in the exploitation part indicating the
order of magnitude improvement during exploitation (red area is guidance for
the eyes).

and subsequent convergence of the CLs in the exploitation plot.
In the prediction phase, the trained RNN selects 100 NCHCF
designs with the lowest predicted average CLs in the whole
set. These 100 designs are then sorted according to the average
simulated CLs over the selected spectral range. The final 100
best designs are listed in the video (supplementary material), in
which the cross-section of a design is shown on the top and its CL
spectrum is plotted on the bottom. The designs are labeled using
two numbers. The first one indicates the index of the design in
the final list whereas the second one indicates the index in the list
given by the RNN. For example, RLD#1(#2) stands for the RL
design (RLD) that is the best with respect to lowest average CL
and the second best predicted by the RNN. The CL spectrum of
each design is compared to that of NCHCF with three adjacent
nested tubes [33] as a reference, which has the lowest average CL
among all the proposed designs in literature. Further statistical
analysis shows that the first 97 designs outperform this reference
design in terms of average CL and its standard deviation over
the selected wavelength range.

The top 100 designs can be sorted into two groups, which can
be represented by two designs: RLD#2(#5) (Fig. 5 olive stars)
and RLD#5(#1) (Fig. 5 orange pentagons). Fig. 5 compares the
CL spectra of those two RL designs with selected ‘conventional’
NCHCEF designs proposed in literature (black squares, red dots,
blue triangles, green triangles, pink diamonds, yellow triangles,
light blue triangles, and brown hexagons) [1], [2], [7], [27]-[31],
[33], [34], [36], [37], [40]. The geometrical parameters of those
‘conventional’ designs have been optimized to achieve minimum
average CLs in the wavelength range. All the designs in Fig. 5
have the same core radius of 4.9 ym. The two proposed novel de-
signs show lower CLs at shorter wavelengths (240 nm-250 nm)
and much lower CLs in the longer wavelength range (350 nm —
390 nm) when compared to the ‘conventional’ designs. Around
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CL spectra comparison (left) between two RL designs (last row on the right) and NCHCF designs proposed in literature (first two rows on the right). The

line colors and symbols around the fiber quarter cross-sections correspond to the line colors and symbols in the CL spectra shown in the left part. The sizes of
the cross-sections reflect their relative geometrical sizes. Note that the large capillary tubes in designs indicated by black squares, green triangles, pink diamonds,
yellow triangles, light blue triangles, and brown hexagons are not touching. The numbers in the cross-sections of the RL designs indicate the negative curvature

regions.

the center wavelength (315 nm), their CLs are at the same level
as the ‘conventional’ designs with the lowest CLs. The average
CL over the whole spectrum is 4.1 x 107> dB/m and 5.1 x
10~ dB/m for RLD#2(#5) and RLD#5(#1), respectively. These
compare favorably with the lowest average CL of 5.6 x 10~*
dB/m (capillaries with three adjacent nested tubes [33], brown
hexagons) obtained for any of the previously proposed designs
and are several orders of magnitude lower than the average CLs
of other ‘conventional’ NCHCF designs.

IV. DISCUSSION

The fabrication of these NCHCFs requires precise control of
pressure during the stack-and-draw procedure. Nevertheless, the
similarity among the best 100 designs suggests the robustness
of these designs to fabrication variations. We attribute these
RL designs’ low CLs over a wide wavelength span to the
following properties. First, by introducing non-circular cladding
structures, the RL designs feature an extended cladding area
and a more ‘negative’ capillary curvature. Both has been shown
[26], [28], [29] to be effective in reducing CLs. Secondly, extra
negative curvature regions, as indicated by the numbers in the
quarter cross-section of the RL designs in Fig. 5, also help
decreasing CLs. In other proposed designs [7], [27], [32]-[34],
[36], [37], this is achieved by adding nested tubes. However,
the touching points between the nested tubes and original tubes
introduce extra optical resonators [22], which deteriorate the
performance of the fiber. In the RL designs, on the other hand,
extra negative curvature regions are achieved by modifying
the capillary shape, making these designs free of extra optical
resonators. Moreover, although not being optimized in terms of
BL, RLD#2(#5) and RLD#5(#1) exhibit rather low BLs as well.
Simulations show that the bending radius under which the BLs
of these two RL designs increase by 3 dB is 2.5 cm.

Given the core radius and the operating wavelength range, the
proposed method can be extended to search for low-average-CL
NCHCFs with larger cross-section sizes and different numbers
of unit structures in the cladding. Furthermore, by adjusting the
reward signal to the BL under randomly picked bending radii
and directions, HOMER, overlap of the optical mode with the
capillary structure or a weighted average of these parameters,
the method can be used to find structures with low BL, high
HOMER, small overlap of the optical mode with the capillary
or structures that achieve a trade-off among those parameters.

Despite of its success, several limitations of the current
method should be noted as well. First, the number of unit
structures in the cladding is fixed during the design process.
To find the optimum number of unit structure for a given core
radius, one needs to repeat the whole design process for different
numbers of unit structures and, successively, compare the best
designs. This can be improved in future work by including the
number of unit structure as a tunable parameter and constructing
an RNN for each case. Secondly, there are structures that are
impossible or hard to be generated. The presented method of
generating capillary structures by appending segments of rings
limits the structures to Eulerian trails. Consequently, structures
such as conjoined tubes [40] (Fig. 5, blue triangles) cannot be
generated. Moreover, some designs are easier to be generated
than others, which can make the whole set of designs loaded
with similar designs. For example, NCHCFs with two nested
adjacent tubes [34] (Fig. 5, cyan triangles) are rather unlikely
to be generated. Thus, although helpful design suggestions have
been already gained with our new approach, the design set in
this paper is still far from enumerating all possible designs.
Thirdly, the feasibility of fabrication has not been taken into
consideration. However, parameters describing the fabrication
difficulty, such as the change of the curvature radius of a
capillary, can be included as a penalty in the reward signal.
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In short, future efforts should invest in the development of a
more sophisticated method of generating capillary structures
to fully exploit the RL approach through even more diverse
design studies. Future efforts can also include utilizing topology
optimization [56] to tweak the capillary structure in NCHCFs.
Topology optimization has been successfully applied to design
the area around the core in HC-PBGFs in order to minimize
energy loss [57]. This is an alternative approach to explore and
exploit more diverse structures in the fiber cladding.

V. CONCLUSION

In this paper, we have proposed a novel method to find
NCHCEF designs with low CLs for a given core radius and oper-
ating wavelength range. We decompose the capillary cladding
structures to segments of rings. By appending those segments,
we construct a set containing 1,000,000 NCHCF designs. An
RL method, in which an RNN and an FEM based modal solver
interact with each other, has been used to search for the optimum
design. The RNN selects a design while the FEM based modal
solver provides the CL calculation of that design, which is in turn
used to train the RNN. The resulting best NCHCF designs show
low CLs over the entire operating wavelength span. The average
CLs of the designs are more than one order of magnitude lower
than the lowest average CL of designs in literature. The proposed
method can also be used to study the optimum NCHCF designs
in terms of BL, HOMER, overlap of the optical mode with the
capillary structure or a combination of NCHCF properties.
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