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Abstract: We experimentally demonstrate excitation of orbital angular momentum states in an air-core fiber by a 
silicon integrated vortex beam emitter which is designed and fabricated to match the modes supported by the 
fiber. The coupling loss is measured to be ~7.5 dB. Excitation of eigenmodes is confirmed by analyzing the fiber 
output. 

Index Terms: Silicon nanophotonics, waveguide devices. 

1. Introduction 

Over the past decades, orbital angular momentum (OAM) has been widely explored in a variety of 
applications with relevance to optical communications [1], quantum optics [2], optical manipulation [3], 
imaging [4], etc. In most of these applications, a compact and stable OAM source along with its coupling to 
fiber is essential for flexibility and better performance compared to fully free-space-based setups. Recently, 
air-core fibers (ACFs), categorized in the family of ring core fibers (RCFs), have attracted considerable 
attention due to their capability of supporting propagation of stable OAM modes, i.e. phase vortex modes, 

which refer to modes with a helical phase front, exp(il), where l is the topological charge and  is the 
azimuthal coordinate. Compared to conventional RCFs [5,6], ACFs are especially suitable for stable 
transmission of OAM modes thanks to a sufficient separation between the effective refractive index of HE l+1 
and EHl-1 modes [7–9], leading to reduced random mode mixing that is in particular advantageous to optical 
communications [10]. However, OAM mode generation in these schemes relies on spatial light modulators 
(SLMs) or free-space components, resulting in a very complex and costly setup when the number of modes 
increases. 

Silicon photonic integrated devices hold great promise as a solution to system miniaturization and 
consequently have attracted significant research efforts over the past decades due to their compactness, 
robustness and stability. Various OAM emitters have been made possible on the silicon-on-insulator (SOI) 
platform, typically based on a star coupler which is used to convert the linear phase front into a sampled 
azimuthally varying phase front [11] or a bus waveguide to assign the phase relationship of adjacent 
sampled spots [12]. Even though these designs provide tunable OAM generation, they suffer from the 
instability and complexity due to phase-sensitive arrayed waveguides or phase delay control. A compact 
OAM emitter based on a micro-ring resonator (MRR) with embedded angular gratings provides a quite 
elegant way of generating OAM modes [13]. Relative to the other types of emitters mentioned, MRRs offer 
advantages as easy fabrication and flexibility to adjust the OAM mode order. We notice that light scattered 
by the angular gratings can be decomposed into the circularly polarized OAM mode groups supported by 
the ACF, making such device an ideal source for ACF-based applications. Although this kind of OAM emitter 
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has been used to implement data-carrying transmission in few-mode fibers [14, 15], the fibers did not lend 
themselves to fully exploit the advantage of the emitter since they were not specially designed for OAM 
transmission and rather limited number of OAM modes with low order were transmitted. As a contrast, ACF 
has been demonstrated to support OAM modes with order up to 9 [8] thanks to the fact that the eigenmodes 
which are superimposed to form the OAM mode are degenerate and thus the mode exist stably in the ACF 
without coupling to other modes. However, whether it is feasible to implement OAM excitation of the ACF 
using integrated phase vortex emitter has not been validated so far. 

In this work, we show a first time demonstration of stable OAM excitation of the ACF using an integrated 
OAM emitter. A carefully designed ACF [9] featuring an air inner cladding is used in the experiment, which 
supports OAM modes with l=5, 6, 7. Light in the MRR which is coupled through a conventional coupler 
propagates in only one direction and thus two OAM modes with different orders are generated for a specific 
wavelength [13]. In order to make full use of the spatial diversity of the ACF, the feeding waveguide of the 
MRR-based OAM emitter has been replaced with a multimode interference (MMI) coupler, therefore four 
different OAM modes matching that of the ACF are emitted. In addition, the parameters of the emitter are 
optimized for the generation of OAM modes with l=5, 6, 7 around 1550nm. As a proof-of-concept 
demonstration, the desired OAM modes are excited via chip-to-fiber coupling with a loss of ~7.5 dB. The 
output field is analyzed quantitatively using a SLM. The exhibited stability under mechanical perturbation 
further indicates that eigenmodes have been excited in the ACF. 

2. Operation principle 

 

 

As shown in Fig. 1(a), the ACF consists of a ring-shaped high refractive index (n1) guiding region with an 

air core and a lower refractive index (n2) outer cladding. When carefully designed, the ACF supports a 

number of OAM modes due to the high core-cladding refractive index contrast and high index gradient 

which enables the separation (in terms of effective refractive index) between the eigenmodes to be 

enhanced. Thus, degeneracy is effectively lifted between the HEl+1 and EHl-1 modes. The ACF modes in an 

OAM modal basis are written as follows [8]: 

 𝑂𝐴𝑀±𝑙,1
± = 𝐻𝐸𝑙+1,1

𝑒𝑣𝑒𝑛 ± 𝑗𝐻𝐸𝑙+1,1
𝑜𝑑𝑑  (1a) 

 𝑂𝐴𝑀±𝑙,1
∓ = 𝐸𝐻𝑙−1,1

𝑒𝑣𝑒𝑛 ± 𝑗𝐸𝐻𝑙−1,1
𝑜𝑑𝑑  (1b) 

where HE modes and EH modes are the modal basis of the spin-orbit aligned (SOa) modes (i.e. modes 
with phase and polarization rotating in the same direction) and spin-orbit anti-aligned (SOaa) modes (i.e. 
modes with phase and polarization rotating in the opposite direction), respectively. The sign of l represents 
the rotating direction of the phase front (plus for clockwise and minus for counterclockwise), and the plus 
and minus signs in the superscript denote right-hand circularly polarized (RHCP) and left-hand circularly 
polarized (LHCP) states, respectively. Since modes formed in the same basis exist in pairs, there are four 
orthogonal OAM modes for each l>1. The used ACF was designed with enhanced intermodal splitting for 
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Fig. 1. (a) Index profile for the ACF. The 12 OAM states supported by the ACF is categorized 
in the table. (b) Schematic diagram of the MRR-based OAM emitter. (c) Simulated profiles of 
the four mode components of the emitted beam and the corresponding superimposed beam 
for RHCP components, LHCP components and the vector beam, respectively. Δψ is the phase 
delay between lR and -lR and Δφ between the RHCP and LHCP beam, respectively. 
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OAM order l=5, 6, 7, leading to an effective index difference between HE and EH modes at an order of 
magnitude of 10-4, therefore the near-degeneracy between the HE and EH modes is broken and 12 OAM 
states are supported in the fiber: R±5, L±5, R±6, L±6, R±7 and L±7, as shown in the table inserted in Fig. 1, 
where R and L denote RHCP and LHCP, respectively. The measured losses are 1.9 and 2.2 dB/km for l=5 
and 6 at 1550nm, however, the loss is higher for l=7 [9]. 

In order to match the modes guided by the ACF, an MRR with angular gratings embedded along the 
inner wall is designed. The schematic diagram of the MRR-based OAM emitter is shown in Fig. 1(b). The 
MRR is combined with an MMI structure serving as a 3 dB coupler, thus the input light is split into two paths 
with the same power and then coupled to the MRR in opposite directions. Whispering gallery modes (WGMs) 
are the confined eigenmodes of the MRR which intrinsically carry high OAM. For a certain resonant 
wavelength, both a clockwise WGM and a counterclockwise WGM are excited in the resonator, and then 
extracted into free-space by the periodic grating elements, forming an azimuthally polarized cylindrical 
vector beam. As a result, the emitted beam consists of two components (lR and -lR) with equal but opposite 
topological charges. The azimuthally polarized vector beam generated by the counterclockwise (clockwise) 
WGM is further decomposed into a RHCP beam with topological charge of lR+1 (-lR+1) and a LHCP beam 
with topological charge of lR-1 (-lR-1) [13]. As shown in Fig. 1(c), if lR=-6 is chosen, then the vector beam 
consists of RHCP components with topological charge of lR+1=-5 and -lR+1=+7, and LHCP components 
with lR-1=-7 and -lR-1=+5. Therefore, the emitted vector beam from the MRR-based OAM emitter may 
potentially excite the R-5, L+5, R+7, and L-7 modes of the ACF, where the first and the latter two components 
are composed of EH basis and HE basis, respectively, according to Eq. (1). 

Note that mode components with the same polarization but opposite rotating direction of the phase front 
interfere with each other, resulting in a “cogwheel” [16] intensity distribution. The number of intensity 
maxima is determined by the difference between the topological charges of the two components with the 
same polarization. Fig. 1(c) shows the simulated interference patterns (A and B) whose number of maxima 
are found to be 12 and in agreement with |-lR+1-(lR+1)|=12 or |-lR-1-(lR-1)|=12. Here the phase delay 

between lR and -lR is Δψ=-/2, due to the phase difference between the two output ports of the MMI coupler. 
The simulated profile (pattern C in Fig. 1(c)) is the superposition of A and B with the phase delay between 

the RHCP component and the LHCP component set to be Δφ=- according to [13], which exhibits similar 
“cogwheel” and 12 intensity maxima as well. 

3. Device design and characterization 

 

 

The integrated OAM emitter is fabricated on an SOI wafer with a top silicon layer of 260 nm thickness. An 
upper cladding of silica is then deposited onto the device. Figure 2(a) shows a microscope image of the 
fabricated devices. The width of the access waveguide and the MRR is designed to be 470 nm. The free 

spectrum range is 400 GHz corresponding to a ring radius of around 28 m. To make the emitter working 
in the communication band, the number of grating elements is carefully chosen. The period of the grating 
is about 630 nm and the duty-cycle is set to be 1/10. The grating elements are uniformly distributed around 
the MRR, protruding from the inner wall by as much as 60 nm. To achieve better coupling into the MRR, 
the coupling region is designed with an arc, and the gap between the ring and the access waveguide is 

around 90 nm. For the multimode waveguide in the MMI coupler, the width is 6 m. Efficient vertical coupling 
is realized between the input standard single mode fiber and the chip through an apodized grating coupler 
[17] with a coupling angle of 75 degrees. The grating coupler is designed using fully etched photonic crystals 
and an adiabatic taper to match the mode size of the fiber. Figure 2(b) presents the emission spectrum of 

the fabricated device. Among all the vector beams with different orders, the one with |lR|=6 and ~1548 nm 
is chosen for its compatibility with the ACF. 
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Fig. 2. (a) Microscope image of the fabricated devices. (b) Emission spectrum of the fabricated device. 
(c) Emitted mode profile of |lR|=6. (d) Mode profile of |lR|=6 for the LHCP components after polarization 
filtering. 
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To quantitatively characterize the vector beam, a SLM (Hamamatsu X13138-08) is used to identify the 

mode components. The measuring setup is shown in Fig. 3 and the ACF part in dashed line is removed for 
the time being. After going through the quarter wave plate, the circularly polarized components are 
converted to two orthogonal linearly polarized beams. As the SLM can only operate on a specific linear 
polarization, a polarizer is used to filter out one of the two polarizations. When the order of the hologram 
generated by the SLM is set to be the negative of the input OAM mode order, the corresponding component 
is converted to a beam with planar phase front. This beam can then be focused into a bright spot at the 
center of the image, and then captured by an infrared camera (Xenics XEVA-4170). The emitted mode 
profile is shown in Fig. 2(c). The intensity distribution for the LHCP components after polarization filtering 
is shown in Fig. 2(d). The output intensity resembles a “cogwheel” with 12 intensity maxima, which is 
consistent with the simulated profile (B) shown in Fig. 1(c), indicating that it is a collinear superposition of 
OAM modes with opposite rotating directions of their phase front, i.e. L-7 and L+5. Similarly, the intensity 
distribution for the RHCP components (R-5 and R+7) after polarization filtering also reveals that they interfere 
with each other. It is observed that the mode profile before filtering also slightly presents a periodic intensity 
modulation in the azimuthal direction since the RHCP and LHCP components are not strictly equal-
weighted in the vector beam. Further analysis is given using an SLM. Intensity profiles after the SLM are 
shown in Fig. 4(a) when the order of the hologram (H) is set to different values for the LHCP and RHCP 
components, respectively. The analysis based on the SLM has confirmed that four OAM modes (R -5, L+5, 
R+7, and L-7) exist in the vector beam. According to the intensity distribution in the images, the on-axis 
intensity is calculated [18] and normalized to the mode with maximum intensity (L-7) for each OAM order 
ranging from -10 to 10 for the LHCP and RHCP components, respectively, as shown in Fig. 4(b), indicating 
that the above four OAM modes are dominant in the beam emitted from the chip. 
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Fig. 3. Experimental setup for device characterization and chip-to-fiber coupling. TLS: tunable 
laser source, EDFA: erbium doped fiber amplifier, PC: polarization controller, L0, L1, L2: 
lenses, M0, M1, M2: silver mirrors, ACF: air-core fiber, OSA: optical spectrum analyzer, QWP: 
quarter wave plate, SLM: spatial light modulator. The top path is for observing the beam 
profile, and the bottom path is for analyzing the beam. Insets are the microscope images for 
the front facet of the ACF and the enlarged ring-shaped guiding region. 
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4. Chip-to-fiber coupling results and discussion 

The used ACF has an air core, a ring-shaped guiding region with a silica cladding, and was designed to 
propagate OAM states of topological charge l=5, 6, 7 [9]. The experimental setup for the chip-to-fiber 
coupling is illustrated in Fig. 3 and a microscope image of the front facet of the ACF used in the experiment 
is shown in the insets. The light output from a tunable laser source (ANDO AQ4321D) is amplified by an 
erbium doped fiber amplifier and then propagate through a circulator used to block the light reflected back 
from the chip. A polarization controller is used to ensure that most of the light is launched into the quasi-TE 
polarization of the waveguide. After vertical coupling via the grating coupler, the light propagating in the 
MRR is scattered by the grating elements and extracted into free-space when the input wavelength is 

chosen at ~1548 nm coinciding with the resonant wavelength, giving a vector beam carrying OAM of |lR|=6. 
An optical spectrum analyzer is connected to the output port of the device for monitoring the fiber-to-chip 
coupling and identifying the resonant wavelength. The emitted beam is then collimated by a lens (L0), 
reflected by silver mirrors (M0, M1, M2), and coupled to the ACF using another mid-IR coated aspheric lens 
(L1, f = 4.51 mm). Two parallel mirrors (M1, M2) and a three-axis stage are used to achieve accurate 
alignment between the beam and the ACF. A lens (L2) is placed at the end of the ACF to image the fiber 
facet on the IR camera. After observing the output intensity profile, the SLM is used again to analyze the 
mode components. Here a fiber length of 1 m is used for this demonstration of mode excitation in the ACF. 
The fiber is carefully cleaved and cleaned before mounted on the stage. The coupling loss is measured to 
be ~7.5 dB, defined as the power loss between point A and B in Fig. 3. The full insertion loss of the system 
is about 27dB, including the fiber-to-chip coupling loss of 5dB, waveguide-to-ring coupling loss of 3dB, 
emission efficiency of -11.5dB, and chip-to-fiber coupling loss of 7.5dB. 

According to the device characterization carried out in section 3, the ACF output is expected to be 
composed of four OAM modes (R-5, L+5, R+7, and L-7), i.e. SOaa modes of |l|=5 and SOa modes of |l|=7. 
Figure 5(a) is the image of the ACF output. As stated before, this is a coherent superposition of OAM modes 
with opposite rotating direction of phase front. Note that there are 10 intensity maxima in the profile, we 
return to this later. To identify the output mode components, intensity profiles after the SLM when the order 
of the hologram H is set to different orders are given in Fig. 5(b) for both polarizations. On-axis intensity is 
also calculated to further quantify the OAM modes for each mode order ranging from -10 to 10 for the LHCP 
and RHCP components, respectively, as shown in Fig. 6. The values are normalized to the mode with 
maximum intensity (L+5). 
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Fig. 4. (a) Intensity profiles after the SLM for the LHCP and RHCP components, 
respectively. (b) Normalized on-axis intensity of OAM modes with different orders in 
the emitted vector beam for the LHCP and RHCP components, respectively. The 
values are normalized to that of L-7. 
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From the results, it is seen that SOaa modes of |l|=5 and SOa modes of |l|=7 are excited in the ACF. 

Additionally, SOa modes of |l|=5 and SOaa modes of |l|=7 are excited without the corresponding input 
source. This may result from the fact that OAM modes of |lR|=5 and |lR|=7 in the emitted beam have different 
divergence when propagating in free-space even if the beam is collimated. As a consequence, the beam is 
focused and then injected into the fiber with two different beam sizes, making it difficult to optimize the 
coupling for both |lR|=5 and |lR|=7 simultaneously with a single lens [9]. This is consistent with the fact that 
the coupling loss is relatively high compared to the schemes using free-space components to separately 
excite modes [10]. It is also suspected that the incident beam is not strictly tilt-free relative to the fiber. 
Therefore, when SOaa modes of |l|=5 are well excited, SOa modes of |l|=7 are not necessarily well excited, 
or excited with large modal crosstalk, resulting in undesired modes (SOa modes of |l|=5) with strong 
intensity. As a contrast, the relatively weak intensity of SOaa modes of |l|=7 indicates that SOaa modes of 
|l|=5 are excited with moderate modal crosstalk. Strong excitation of SOaa and SOa modes of |l|=5 can 
also be confirmed by the 10 intensity maxima in the mode profile at the output of the ACF, as shown in Fig. 
5(a). When the fiber is substantially mechanically perturbed by repeatingly lifting the fiber up from the optical 
table by approximately 5 cm, in addition to bending the fiber with bend radius of ~5 cm, the output intensity 
maintains ring-shaped with the “cogwheel” intensity distribution. The exhibited stability indicates that 
eigenmodes have been excited in the ACF. We believe that lower loss and modal crosstalk can be achieved 
by further optimizing the coupling scheme. For instance, OAM emitters based on bilayer concentric MRRs 
[19] may be used to adjust the beam size and compensate the divergence for modes with different orders 
before propagating in free-space. Advanced coupling setups with higher accuracy may also be utilized. To 
make the device more flexible, it is possible to adjust the power ratio between the two counter-propagating 
WGMs if the OAM emitter is combined with a variable amplitude splitter [20] such that the OAM carried by 
the emitted beam can be dynamically tuned. Also the order of the emitted OAM mode can be adjusted by 
adding electrically contacted thermo-optical control [18] while keeping the wavelength fixed. The proposed 
scheme with longer ACF such as 1 km is speculated to be feasible since spurious modes are most likely to 
vanish after transmisssion while eigen modes are reserved, yet this remains to be validated for further study. 
Compared to the free-space system, this chip-based system presents the possibility of integrated OAM 
transmission system by starting from the mode generation part and thus it is more than just reducing the 
complexity and size. This work is promising for its potential in implementing wavelength-to-mode 
broadcasting and ACF-based MDM, enabling OAM-based quantum key distribution seeded by integrated 
device, and providing an alternative OAM mode source for further investigations into the ACF. 

4. Conclusions 
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Fig. 5. (a) Image of the output from the ACF. (b) Intensity profiles after the SLM for the LHCP and 
RHCP components, respectively. 

Fig. 6. Normalized on-axis intensity of OAM modes with different orders in the ACF 
output for the LHCP and RHLP components, respectively. The values are normalized 
to that of L+5. 
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We have reported stable excitation of phase vortex modes, i.e. OAM modes, in ACF using an integrated 
silicon vortex emitter with a coupling loss of ~7.5 dB. The emitter generates OAM beams by an MRR with 
embedded gratings combined with an MMI coupler. The emitter is designed and fabricated to match the 
modes supported by an ACF. Stable excitation is confirmed by observing the fiber output when perturbing 
the ACF. Qualitative as well as quantitative analyses of the emitted beam and the ACF output are given by 
utilizing an SLM and on-axis intensity calculation. SOaa modes of |l|=5 are successfully launched in the 
fiber with moderate modal crosstalk. SOa modes of |l|=7 are not perfectly excited, expectedly due to 
mismatch of the beam size. Excitation of undesired modes is due to the tilt when coupling into the fiber. 
The demonstrated OAM emitter may find a wide range of applications as it provides a compact and stable 
source for the OAM excitation in the ACFs assuming the coupling is further optimized to achieve lower loss 
and reduced modal crosstalk. 
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