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ABSTRACT

Orbital angular momentum (OAM) modes of light have aroused a widespread interest in quantum and classical communications.
Their various integrated photonics applications require devices and circuits for miniaturization, improved performance, and
advanced performance. Accordingly, in this work, the propagation of OAM modes in multimode interference (MMI) waveguides
as the basic elements in many integrated optical devices is studied to utilize their benefits in integrated OAM applications.
OAM modes shape the field-splitting and OAM-maintaining images at the specific lengths of an MMI waveguide. As the most
effective parameters on the properties of these generated images, width of the MMI waveguide, topological charge (/) and waist
radius of the OAM modes are investigated. Power overlap integral (POIl) and mode purity are used to evaluate the quality of
images. The investigations show that the images produced in wider waveguides are purer (up to 92.43%). Furthermore, for the
higher order of OAM modes (|/| > 1), the higher values of POI could be achievable by enlarging the width of the waveguides (up
10 93.93% for [ = +6 and 81.6% for [ = +7). It is also demonstrated that mode conversion between even order of OAM modes
with opposite topological charges can occur at OAM-maintaining length of the MMI waveguides which is the most outstanding
achievement of this survey for optical communication systems.

Introduction

Pioneered by Allen in 1992, light beams with the phase dependence of exp(il¢) carry OAM, independent of the polarization
state, where ¢ is the azimuthal angle, and [ indicates the topological charge (I = 41,42, ....). Topological charge represents the
number of twists the light does in one wavelength. OAM modes with different topological charge values, are theoretically
unbounded and orthogonal to each other. They introduce a new degree of freedom and can therefore be effectively exploited to
enhance the capacity of an optical communication link.

Conventional techniques for generation and manipulation of OAM modes involve the bulk devices such as spatial light
modulators=, spiral phase plates®, q-plates’-8, and fiber gratings®'°. Due to the complexity of optical alignment’ and the
necessity of precise control of parameters!! it is difficult for these bulk devices to build low-loss systems. Moreover, they
usually suffer from slow switching rates and limited the number of guided OAM modes'?. Compared to the bulk optics,
integrated implementations have been attracted due to the significant advantages in reliability, miniaturization and scalability'>.
Several integrated photonic circuits using devices such as microrings'3-'® and circular grating couplers'”!® were reported as
integrated solutions for OAM mode generation and manipulation. These devices rely on complicated phase-sensitive arrayed
waveguide structures with a large number of electrical contacts for phase calibration. Furthermore, a passive hybrid 3D
photonic integrated circuit was demonstrated as an OAM multiplexer and demultiplexer'®, where the tuning of OAM requires
an additional spatial switching stage between the OAM demux output waveguides. However, these integrated circuits were
convoluted for reconfiguration and their application was limited to a few modes. Hence, they do not offer a satisfying solution
for optical interconnection systems>’.

Moreover, the implementation of rectangular waveguides for generation and manipulation of OAM modes, has been recently
explored to exploit the outstanding features of these modes in more complex integrated devices. An on-chip integrated structure
including silicon waveguides and couplers has been proposed, which can produce OAM modes with [ = 4-12!. A rectangular
waveguide with a single trench has been also designed to generate OAM modes with [ = 4122, In addition, the integrated



rectangular platforms have been represented to generate OAM beam only on the longitudinal component of the electric field
which made the application of proposed platforms complicated”*~2>. Furthermore, the investigation of spin and orbital angular
momentum of optical fields in a silicon channel waveguide has been proposed based on the superposition of two quasi-TE
modes which are limited to the first order of OAM modes®. In another recent work, the design approach to a grating coupler
for in-plane generation and propagation of quasi-TE vortex modes with azimuthal order of / = £1 within photonic integrated
circuits has been suggested”’.

In addition to the previous approaches, a novel and actually neglected choice for OAM applications, MMI structures can be
introduced which have many interesting features, such as their compact size, low sensitivity to fabrication parameters, and ease
of fabrication?8. In the last few years, MMI structures, based on the interference between the modes of a multimode waveguide,
have been widely used in both one and two dimensions as the basic element in many integrated optical devices such as optical
beam splitters®*—!, mode convertors®2, couplers®3, wavelength-division (de)multiplexers**, and switches®>. In one dimensional
(1D) MMI devices the waveguide is single mode in the transverse dimension and multimode in the other dimension, whereas in
two dimensional (2D) devices, MMI waveguides are multimode in both horizontal and vertical directions*®. In order to carry
the power by higher order modes with 2D field distributions, 2D MMI devices are required. From this point of view, 2D MMI
structures can be utilized for OAM modes transmission. The use of 2D MMI structures for OAM modes, was first introduced
by describing the self-imaging properties of OAM modes in MMI waveguides®’. However, these structures still have many
unknown potentials in using OAM modes which can make them an attractive and practical part of many integrated circuits such
as power splitters, couplers, convertors and switches. In addition to the application of such devices in communication systems,
optical imaging and manipulation are the other fields that MMI structures can be utilized in.

Accordingly, in this work, the propagation of OAM modes in square cross-sectional 2D MMI waveguides is studied. OAM
modes form the field-splitting and OAM-maintaining images at the specific lengths of an MMI waveguide®’. The properties of
these images are investigated by considering three main parameters including the width of the waveguide, the waist radius of
the OAM mode and its topological charge. It is also represented theoretically, and confirmed by simulation results that OAM
modes with odd and even values of / have different behaviour in MMI waveguides. For odd order of OAM modes, the generated
images at the OAM-maintaining length of an MMI waveguide have the same topological charge as the input mode. Whereas for
the even order modes, the topological charge of the produced image is reversed at this length. In other words, the propagation
of an OAM mode with [ through an MMI waveguide leads to shape an OAM mode with —/ at its OAM-maintaining length.
In addition to /, the propagation of OAM modes in MMI waveguides are affected by the width of MMI waveguide and the
WR of input mode. These parameters are chosen in the ranges of 15 pum to 60 um, and 1.5 pum to 3.5 um, respectively for the
investigation purposes of this paper. The properties and quality of the images along waveguides influenced by the referred
parameters are discussed for OAM modes with odd and even values of /, separately.

The rest of the paper is organized as follows. In “Theory” the theory of beam propagation in MMI waveguides is outlined.
“Results and discussion” gives simulation results and discussion, and finally, “conclusion” is devoted to the concluding remarks.

Theory

As mentioned in ’Introduction’ section, 2D MMI waveguides support multiple modes in both horizontal and vertical directions.
The analysis of these structures can be performed by extending the guided mode propagation analysis method of 1D MMI
structures to the 2D case.

The guided modes of a 2D MMI waveguide with W, lateral width and W, vertical width in X and Y directions, respectively,

have the form of following equation’®:

w(u+ l)x)sin( T(v+1)y
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where u,v =1,2,3,... are the mode orders in X and Y directions, respectively. The corresponding longitudinal propagation
constants satisfy as:
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where k indicates the wave number, k = ——. Ag is the working wavelength in vacuum and n, represents the refractive index of

the multimode waveguide. Neglecting the reflected field as well as the power coupled to the radiative modes, the incident field
of ¥(x,y,0) can be expressed as a superposition of the infinite numbers of guided modes as:

T(nyao) = Z Zcuvllfuv(xay)7 3

u=0v=0
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where,

Cw=

4 We Wy
¥(x,y,0 dxdy. )
WxVV)/O 0 (x,5,0) Wy (x,y)dxdy. “

After propagating a distance L in the waveguide, the field profile W(x,y,L) can be expressed as:

P(x,y,L) =Y Y W(x,y,0)e/ @ Pul), -
u=0v=0

Taking the foundational mode out of the summation and using the paraxial approximation for the propagation constant in
equation (2), the field profile can be written as:

u(u+2)xL v(v+2)nL

© oo j

W(x,y, L) = e/ Pl Y Y W(x,y,0)e
u=0v=0

J
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)

which Lz, and Ly, are the coupling lengths between the two lowest order modes in X and Y directions, respectively, as:

4n, W2
Lpy= g = 5220 @)
Boo — Bio 3%
and
4n,W2
Lay= g = —520L. ®)
Boo — Bor 3

In these equations W, rr and W, sy denote the effective waveguide thicknesses. The former in X and the later in Y directions,
as:

Ao
Wyerr = Wy + 5 9
T ng — nc
and
Ao
Wyers =Wy + ——, (10)
my\/nZ—n2

with n. the cladding refractive index® .

In multimode waveguides, an input field profile can be reproduced in single or multiple images at the periodic intervals
along the propagation distance of the waveguide. This property is called self-imaging”®. In equation (6), the distance L to
produce self-imaging can be expressed as:

L= (3L =

N 77 3L (1

where N and M are the positive integers without common divisors with the positive integers Sy and Sy, which are the positional
numbers in X and Y directions, respectively. For simplicity, in the following discussion, Sy = Sy = 1, which is also a common
practice for the shortest device length.

For a central input field in a 2D square cross-sectional MMI waveguide with W, = W, = W, if N = 2K, where K is an integer,
the number of images at the length L = 3L./N can be decreased. If K is an odd number, the number of reproduced self-images
is K for both symmetric and antisymmetric inputs. For an even integer K, if the input field is symmetric, self-images appear at
the output, while for the anti-symmetric input fields, field-splitting imaging occurs at the output®’. OAM modes always have
the anti-symmetric field components. With the consideration of obtaining the shortest device length, OAM-maintaining and
field-splitting occur for K = 1 and K = 2 at the lengths of 3L, /2 and 3L./4 of the 2D square cross-sectional MMI waveguide,
respectively.
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Results and discussion

In order to figure out the self-imaging phenomena for OAM modes in MMI waveguides, the mode propagation inside these
waveguides is simulated using beam propagation method (BPM) by the commercially available simulation software package
OptiBPM 13. All the simulations assume a silicon waveguide (n, = 3.45) surrounded by silica (n, = 1.45) at the working
wavelength of Ay = 1550 nm. The detailed consideration of this phenomena is performed by studying three main parameters.
The first one that is related to the physical structure of the MMI waveguide, is the waveguide’s width. This parameter directly
specify the waveguide’s lengths to generate the field-splitting and OAM-maintaining images. The studied widths are in a range
of 15 pum to 60 um. Figure 1 indicates the calculated OAM-maintaning lengths for these scanned waveguides. The half of
these lengths are the field-splitting lengths of the waveguides. This figure shows that the wider waveguides need the longer
length to produce the self-image.

151 7
1251 1
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N N o=
(9] (9] w0 <
L]

1 1 Il 1 1 L 1 Il

20 25 30 35 40 45 50 55 60
Width (zm)

—_
9]

Figure 1. OAM-maintaning lengths for the waveguides’ widths in a range of 15 pum to 60 wm. The wider waveguides need
the longer length to produce the self-image.

Two other parameters which are related to the properties of OAM modes, are WR and the order of the topological charge.
The effect of these parameters can be evaluated by consideration of the POI between the input mode (E;) and the output
generated image (E,), which is expressed as:

| JsEr(x.Y)E; (x,y)dxdy
[ Js | Ev(x,y) |> dxdy [ [s | Ex(x,y) |> dxdy’

Investigating the effect of WR, the OAM modes with WR in a range of 1.5 um to 3.5 um are propagated along the
waveguides with the specified widths in figure 1. The results are given in Table 1 for the calculated POI (%) between the
input first order of OAM modes with [ = £1 and the output produced images. They imply that for each waveguide’s width,
the calculated POI increases with increasing WR of the input mode. In addition, the propagated modes with lower values of
WR need wider waveguides to provide higher values of the POI. This deduction is true for OAM modes with any order of
topological charge.

The topological charge of OAM modes as the third parameter studied in this paper is separately discussed for odd and even
order modes as follows.

POI =

12)

OAM modes with odd values of |

To demonstrate the behaviour of OAM modes in MMI waveguides more precisely, the POI graphs along the waveguides
are shown in figure 2 for the concentric input OAM modes of [ = +1. As discussed before, the length 3L./4 is where the
field-splitting occurs. This length is specified in figure 2 for the considered waveguides mentioned in figure 1. The graphs show
that the input mode decomposition is started simultaneously as its propagation and is completed at L = 3L /4, where the POl is
near zero. Then, the image is gradually formed and fully generated at L = 3L./2, where the POI again leads to near 1. The
graphs also show that the increase in WR of the input modes leads to non-zero overlap integral at the field-splitting length
(3L./4) which is well recognizable based on figure 3. This figure illustrates the normalized power distributions of split fields
(top row) and its display in dB unit (bottom row) at the length 3L./4 of the MMI waveguide with W = 20 um for input OAM
modes of / = £1 with WR = 1.5 um (a), 2 um (b), 2.5 um (c), 3 um (d), and 3.5 um (e). The top plots in this figure indicate
that the spatial distribution of the split fields grows by increasing in WR. The bottom plots display that this growth leads to
obtaining significant power around the center of the waveguides which causes the mentioned non-zero POI at the split lengths
for the greater amount of the input WR. Thus, in order to fully utilize the benefits of field decomposition of OAM modes at
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Table 1. The calculated POI (%) between the input OAM modes with / = £1 and the output produced images for the
waveguides’ widths (W) specified in figure 1.

WR (um)

Wam) 5535 3 33
15 5915 8365 9283 9647 9807
20 | 7175 8965 9558 97.84 98.82
25 | 7954 9284 9668 9853 99.20
30 | 8447 9471 9779 9892 9941
35 | 8762 9580 9822 99.12 99.51
40 | 8999 9668 98.62 9933 99.64
50 | 9289 97.67 99.03 99.53 9974
60 | 9453 9822 9926 99.64 9980

FWR=1.5 um —WR=2 ym ~WR=2.5 yum —-WR=3 pm —WR=3.5 pum|

(@) (b) (0 (d
3Lc/4=509.5 pm 3Lc/4=901 pm 3Lc/4=1405 pm 3Lc/4=2019.5 pm
0 550 1100 0 900 1800 0 1400 2800 0 2100 4200
(e ® (2 (h)
3L /4=2746.5 pm 3L /4=3592.5 pm 3L /4=5600 pm 3L /4=8040 um
0 2800 5600 0 4000 7000 0 5200 10500 0 7800 15600
Length (xm) Length (um) Length (xm) Length (zm)

Figure 2. POI graphs along the specified waveguides in figure 1 (W = 15,20,25,30,35,40,50,and 60 um) (a-h). The input
OAM modes have the topological charges of / = &1 with WR in a range of 1.5 pm to 3.5 pwm. The input mode decomposition
is started simultaneous to its propagation, and is completed at L = 3L./4, where the POI is near zero. Then, the image is
gradually formed and fully generated at L = 3L, /2, where the POI again leads to near 1.

field-splitting length of MMI waveguides, it should be considered that WR of the input mode is chosen in such a way that the
POI along the waveguide is zero at the filed splitting length. On the other hand, the input modes with higher values of WR have
lower POI values at OAM-maintaining length. Therefore, there is a trade-off between the WR of the input mode and the POI of
the generated image, which makes it challenging to choose a suitable input WR depending on the application of the structure.

For odd order of OAM modes with || > 1, the location of the split fields is same as for / = +1 at four sides of the MMI
waveguide cross section as shown in figure 4 for the MMI waveguide’s width of 20 pm. This figure illustrates the normalized
power distributions of split fields at the field-splitting length of the MMI waveguide for input OAM modes of [ = £3 (a),
[ =45 (b),l =27 (c), and [ = £9 (d). Additionally, figure 5 demonstrates the calculated POI between the input OAM modes
of | = %1 to £9 with WR =2 um and the output generated images for different MMI waveguides’ widths. The graphs imply
that for the higher order of OAM modes, the higher values of POI could be achievable by enlarging the width of the waveguides.

OAM modes with even values of |
For OAM modes with even values of /, the OAM-maintaining length 3L./2 is where the generated image has reversed charge
in comparison with the input mode. While for odd values of /, the produced image at this length has the same charge as the
input mode. Mathematics behind this fact can be explained as the following.

Generally, any order of OAM mode field can be indicated as the superposition of odd and even mode fields as*’:

fOAM(xvy) :fodd(xay)iifeven(xvy)v (13)

where the =+ sign is determined by the sign of OAM order. The odd and even parts of this equation can be further represented
into symmetric or anti-symmetric field functions (fs or f4) in X or Y directions. These representations for odd and even order
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Figure 3. Normalized power distributions of the split fields (top row) and its display in dB unit (bottom row), at length 3L./4
of an MMI waveguide with W = 20 um for input OAM modes of [ = +1 with WR = 1.5 um (a), 2 um (b), 2.5 um (c), 3 um
(d), and 3.5 um (e). The top plots indicate that the spatial distribution of the split fields grows by increasing in WR. The bottom
plots display that this growth leads to obtaining significant power around the center of the waveguides which causes non-zero
POI at the split lengths for the higher values of WR.

power (a. u.)

0
X (um)

0

Figure 4. Normalized power distributions of the split fields at the field-splitting length of an MMI waveguide with W = 20
tm for the input OAM modes of | = +3 (a), [ = +5 (b), l = £7 (¢), and [ = £9 (d).

OAM modes are respectively, as’’:

fi(x,y) = fs(x) fa(y) £ifa(x) fs(y), (14)

and

faxy) = fa() fa(y) £ifs(x) fs(v)- (15)

With substitution of these functions in equation 6 and consideration of obtaining one image at the center of an square cross
sectional 2D MMI waveguide, the output field profiles at length 3L. /2K, K = 1 can be written as:

Wi, L) = fs(0)fa()e/ SO Lify (x) fis(y)ed a0, (16)
and

Wa(x,y,L) = fa(x) fa ()l A NON L ifs(x) f(y)e/ B0, (17)
where Os and 64 are the symmetric and anti-symmetric phase terms, respectively, as:

K? 1 3
Os(x) = 65(y) = (5 + )T =, (18)
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Figure 5. The calculated POI between the input OAM modes of I = £1 to 9 with the waist radius of 2 yum and the
corresponding output generated images.
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Figure 6. Schematic diagram of an square cross-sectional 2D MMI waveguide with the length L = 3L, /2. The waveguide acts
as a charge converter for OAM modes with even values of /.

and

eA(x)—eA(y):(f%—%)nzg. (19)
Hence:

W (x,3,L) = eV (f5(x) fa () £ ifa (x) £5(0)), (20)
and

Wa(x,3,L) = eV (fu(0) fa 0) F ifs () f5(3)). @1)

The comparison between equations 20 and 14 as well as 21 and 15 clearly imply that the topological charge of odd order
OAM modes remains unchanged after passing through the length 3L, /2 of the MMI waveguide, whereas the charge of even
order modes is reversed. Therefore, it can be inferred that an MMI waveguide with the length 3L, /2 acts as inherent charge
converter for OAM modes with even values of /. This fact is schematically shown in figure 6.

Declaring the mentioned mode conversion property, the propagation of second, fourth and sixth order of OAM modes
along a 40 um width MMI waveguide is shown in figure 7. In this figure, left and right columns display the normalized power
distributions and phase patterns of the input (top rows) OAM modes of [ = +2 (a), / = +4 (b), and [ = +6 (c), and the output
(bottom rows) generated images of [ = —2 (a), l = —4 (b), and / = —6 (c). Comparing the phase patterns of the input modes
and the generated images, that are respectively clockwise and counterclockwise for each twist, it is clear that the topological
charges are reversed.

In order to find out how well a 2D MMI waveguide can work as a charge converter for even order of OAM modes, the
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Figure 7. Normalized power distributions (left) and phase patterns (right) of the input (top rows) OAM modes of [ = +2 (a),
[ =44 (b), and [ = +6 (c), and output (bottom rows) generated images of [ = —2 (a), l = —4 (b), and / = —6 (c) for an MMI
waveguide with 40 um width. A comparison between the phase pattern of the input modes and the generated images that are
respectively clockwise and counterclockwise for each twist, clearly implies that the topological charges are reversed.

WR=2 pm, I=+ 2= WR=2.5 ym, I=+ 2= WR=3 pym, I=+ 2
~==WR=2 pym, I=+ 4= WR=2.5 pm, I=% 4-= WR=3 pgm, 1=+ 4
~==WR=2 ym, I=+ 6= WR=2.5 pym, I=% 6-=WR=3 pym, =+ 6

(a)

Purity (%)

1 1 1 1 0 1 1 1 1
15 20 25 30 35 40 45 50 55 60 15 20 25 30 35 40 45 50 55 60

Width (zm) Width (um)

Figure 8. The Calculated POI (a) and purity (b); while the MMI waveguides with width in a range of 15 um to 60 um are
excited by the second, fourth and sixth orders of the input OAM modes with WR in a range of 2 um to 3 um. Both the
calculated POI and purity are enhanced by increasing in the waveguide’s width and WR of the input mode.

purity of the generated images, E(p, 8), are calculated using*':

I 7 E(p. )22

J¢ I" 1 E(p.6) [2 d6pdp

Furthermore, the POI between output generated image and the desired corresponding OAM mode are studied. Calculated POI
and purity for the mentioned waveguide in figure 7 with W = 40 um and the propagated OAM modes with WR = 3 um are
reported in table 2.

Figure 8, indicates the calculated POI and purity, when the second, forth and sixth orders of input OAM modes with WR in
arange of 2 um to 3 um are propagated along the MMI waveguides with width in a range of 15 pm to 60 um. As shown in
this figure, both the calculated POI and purity are enhanced by increasing in the waveguide’s width and WR of the input mode.
Figure 8 also demonstrates that for an specific waveguide width, an input mode with a larger WR leads to attain higher purity
and POL. This is true for all orders of the input OAM modes. However, for higher order modes, the POI and purity have lower
values. Thus, the utilization of this structure in higher order modes applications needs the input modes with higher values of
WR to achieve reasonable amounts of the POI and purity.

It is worth mentioning that for the OAM modes with even values of /, the location of split fields at field splitting length of
an MMI waveguide has different pattern with respect to the field patterns shown in figure 4 for the odd order OAM modes.
Figure 9 shows the normalized power distributions of the split fields at length 3L./4 of an MMI waveguide with W = 40 um

o |* pdp

purity = (22)
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Table 2. The Calculated POI and purity for the mentioned waveguide in figure 7 with W = 40 pm and the propagated OAM
modes with WR =3 um.

Topological Charge POI (%) purity (%)

+2 98.66 92.43
+4 96.71 84.69
+6 93.93 79.27

~

=

i &
> 5
2

(=}

20 e =

20 0 0

X (um) X (um) X (jum) X (um)

Figure 9. Normalized power distributions of the split fields at the field-splitting length of an MMI waveguide with W = 40
wm for the input OAM modes of [ = £2 (a), [ = +4 (b), ] = £6 (c), and [ = £8 (d).

for input OAM modes of [ = 2 (a), = £4 (b), [ = +6 (b), and [ = £8 (d). As shown in this figure, even OAM modes have
been decomposed into fields located at four corners as well as the center of the MMI waveguides.

Conclusion

In this paper, the propagation of OAM modes in square cross-sectional MMI waveguides is studied. Based on OAM-MMI
theory, OAM modes form the field-splitting and OAM-maintaining images at distances 3L. /4 and 3L, /2 of an MMI waveguide,
respectively. Utilizing MMI waveguides at these lengths for OAM integrated applications, the properties of generated images
are investigated by considering the effects of three parameters including the width of the waveguide, the waist radius of the
OAM mode and its topological charge. Accordingly, it is shown that the topological charge of odd order OAM modes remains
unchanged at OAM-maintaining length, whereas the charge of even order modes is reversed. In other words, an MMI waveguide
with the length 3L./2 acts as charge converter for OAM modes with even values of /. In order to numerically confirm this
fact, the simulations are performed using BPM method for silicon waveguides surrounded by silica which are compatible with
silicon on insulator (SOI) technology. The waveguide is assumed to have width of 15 um to 60 um, at working wavelength of
1550 nm. For OAM modes with odd values of /, the calculated POI along the waveguides between the input mode with WR in
the range of 1.5 um to 3.5 pm and the output produced mode demonstrate that the input modes with lower values of WR lead to
make the completely split field profiles at field-splitting length which is desired for applications that use the benefits of wholly
split fields. However, the propagated modes with lower values of WR need longer waveguides to give higher values of POI. For
even order of OAM modes, the quality of the generated modes is evaluated by calculation of the purity as well as the POI for
input OAM modes with WR in a range of 2 pum to 3 um. The results demonstrate that both the calculated purity and POI are
enhanced by increasing in the waveguide’s width and WR of the input mode. However, wider waveguides are longer. Therefore,
the selection of a proper dimension for the waveguides to achieve a desired mode purity is a challenge. Consequently, this
trade-off between the waveguide’s dimension and the generated mode’s purity should be considered carefully in the design
procedures.

It is worth mentioning that due to the various applications of OAM modes in quantum and classical communications, the
presence of optical integrated devices to manipulate these modes is necessary. According to the discussed properties of OAM
modes in the investigated structure, as well as its passive and integrated nature, it has interesting potentials to be effectively
used in OAM-based communication systems to facilitate the way into higher security and capacity systems.

Data availability

All data generated or analysed during this study are included in this published article.
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