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Abstract: This paper demonstrates a high-efficiency vertical grating coupler for the LP01x,
LP11ax, and LP11bx modes of a graded-index few-mode fiber. The coupler is composed of a
non-uniform straight bidirectional grating that was inverse-designed to address the desired fiber
modes, combined with two mode-selective directional couplers and two tapers. The device
was fabricated by e-beam lithography with a minimum feature size of 100 nm and presented
coupling efficiencies of −3.0 dB, −3.6 dB, and −3.4 dB for the LP01x, LP11ax, and LP11bx modes,
respectively. The high efficiency of the proposed CMOS-compatible coupler demonstrates its
potential as a key device for high-capacity networks exploiting space division multiplexing on
few-mode fibers.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The popularization of multimedia applications, in combination with the migration to cloud storage
and computing platforms, are commonly claimed as the main factors for the current Internet traffic
rise [1,2]. Therefore, telecommunication operators are facing increasing pressure to enhance the
performance of their infrastructures [3]. This pressure is particularly critical in large-scale data
centers, where energy efficiency is imperative to keep costs low while following the data rates that
the market demands [4,5]. In this context, silicon photonics has emerged as the most attractive
platform to meet these requirements [6]. Due to the compatibility with CMOS technology,
silicon photonics inherits the advantages of its mature manufacturing infrastructure and offers
the benefits of delivering compact devices directly integrating optics and microelectronics for
efficient signal processing [7,8]. One technique that promises further increases in the data
transmission capacity of optical fibers is spatial division multiplexing (SDM): after exploiting
time, frequency, and polarization, only the spatial dimension of light remains to be used in
the effort to increase transmission rates per fiber [9]. SDM can be implemented either using
multi-core or few-mode fibers (FMFs), both of which potentially lead to a significant reduction of
the cost per transmitted bit, as the cost of a single laser source is shared among the different spatial
channels [10]. In addition, both SDM approaches outperform links based on multiple parallel
single-core single-mode fibers not only in terms of capacity but also physical density, which are
becoming an increasing concern in state-of-the-art hyper-scale datacenters [11]. Therefore, the
integration of SDM techniques with silicon photonics is an important step in the direction of
increasing the capacity and efficiency of future optical communication systems, which is why it
has been under active development by the scientific community.
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In this sense, a significant effort has been dedicated in recent years to develop either coupling
between photonic chips and multi-core fibers [12–15], or different multi-mode devices, such as
mode demultiplexers, splitters, and bends [16–18]. The coupling between photonic chips and
multi-core fibers has been addressed in several works [12–15]. However, multimode fiber-to-chip
couplers are still in their early development stage. Most of the reported multimode couplers
are out-of-plane because the in-plane coupling is difficult due to the constraints imposed by
the conventional silicon-on-insulator (SOI) platform. In practice, when modes with nodes in
the direction orthogonal to the substrate plane are coupled, achieving high efficiency requires
either additional layers [19] or complex postprocessing of the chip [20]. Even if out-of-plane
couplers typically present lower coupling efficiency than the in-plane devices, the former are
not restricted to the edge of the chip and they usually occupy smaller footprint areas [9], both
of which contribute to denser device integration. Previous works in FMF coupling [10,21–24]
have reported couplers with efficiencies of at least −3.9 dB [22], −5.9 dB [22], −9 dB [10], and
−14.3 dB [23], for coupling to 2, 4, 6, and 8 LP modes, respectively.

In this paper, we experimentally demonstrate a 3-mode coupler on a CMOS-compatible SOI
platform. The coupler is designed to couple light to/from a fiber oriented in the direction
orthogonal to the substrate plane (vertical), which eliminates the need for angled polishing of the
fiber and facilitates its alignment. We measured coupling efficiencies of −3.0 dB, −3.6 dB, and
−3.4 dB for modes LP01x, LP11ax, LP11bx, respectively, yielding a mode-dependent loss (MDL)
of 0.6 dB. These are, to date, the lowest coupling losses presented for an integrated FMF-to-chip
coupler that can simultaneously couple up to 3 modes to single-mode integrated waveguides. The
presented device can, thus, be employed as mode (de)multiplexer with direct application in SDM.
Furthermore, the design could be extended to 6 modes by superimposing two identical straight
gratings, as presented in [25]. The rest of the paper is organized as follows: the design process is
described and numerically validated in section 2, and in section 3, the fabrication method and the
experimental characterization are presented, and finally, in section 4, the paper is concluded.

2. Device design

The device was designed to couple light between an SOI chip with 250 nm device layer thickness,
3 µm buried silicon dioxide layer, and 1 µm silicon dioxide cladding layer, and a FMF. The fiber
has graded refractive index that can be described by an alpha profile using:

∆ = ∆0

[︂
1 −

(︂ r
a

)︂α]︂
, (1)

in which ∆0 is the maximum relative refractive index change in the center of the core, a is
the core radius, and α is the profile shape parameter. For the experimental fiber used in this
work, ∆=0.524%, a= 10.3 mm, and α=2.32, thus the fiber supports both the fundamental LP01
mode—with a modal field diameter (MFD) of 12.1 µm—and the higher order LP11 modes at the
operating wavelength of 1550 nm. The coupler consists of a bidirectional nonuniform diffraction
grating, two adiabatic tapers, and two identical in-plane modal multiplexers, as illustrated in
Fig. 1. The bidirectional grating is used to couple the LP01x, LP11ax, and LP11bx fiber modes
into the TE0 and TE1 modes of two silicon waveguides with 22 µm × 250 nm cross-section. In
particular, LP11ax is evenly coupled to the TE1 modes of the two multimode output waveguides,
whereas LP01x and LP11bx are evenly coupled to the TE0 modes of the two waveguides with a
phase difference of π between them. The two outputs of the bidirectional grating are connected to
930 nm wide input waveguides of the mode-selective directional couplers via 700 µm long linear
adiabatic tapers. The length of this taper can be drastically reduced by employing topological
optimization as reported in [26]. Each mode-selective directional coupler, based on [27], couples
the input TE0 and TE1 modes to the fundamental modes of two 450 nm × 250 nm waveguides at
their outputs. In summary, the LP01x and the LP11bx modes are directed toward the outputs labeled
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b and c (see Fig. 1) with a phase difference that depends on the mode. The LP11ax, on the other
hand, is directed to outputs a and d. The information contained in each mode can be extracted by
combining the signals from two outputs: in the case of LP11ax, it is enough to combine outputs a
and d in phase. In the cases of LP01x and LP11bx, the separation can be achieved by combining
the signals of outputs b and c with a directional coupler, such that, the in-phase and out-of-phase
components of the inputs—corresponding, respectively, to LP01x and LP11bx—are separated at
the two output ports of the directional coupler. A possible design is depicted in Fig. 1, where the
phase shifters employed to ensure constructive interference of the desired mode in each output
are included. The figure also shows a zoom-in of the bidirectional nonuniform grating and the
position of the FMF, alongside the field profile of the three coupled modes. The section of the
device that was fabricated is highlighted by dashed blue lines in Fig. 1. This section includes the
bi-directional grating, the tapers, and the mode-selective directional couplers, which represents
the original contribution of this work, whereas the design of directional couplers and phase
shifters is mature and has been demonstrated in multiple works [28,29]. In order to measure
the intensity at the outputs of the two couplers, denoted as a, b, c, and d, single-mode grating
couplers were added to the fabricated section.

Fig. 1. Schematic of the designed device alongside the FMF. The amplitude profiles of the
three coupled modes and a zoom-in of the bidirectional grating are also included. Labels
a through d indicate the outputs of the device. In the fabricated prototype, each of those
outputs is directly connected to a conventional single-mode grating coupler for independent
testing.

The bidirectional grating was optimized using SPINS [30,31] through 2d simulations. A full
3d optimization would require a few weeks to complete, even on a modern workstation. On the
other hand, a 2d optimization could be completed in 22 hours, requiring modest computational
resources. Due to the symmetry properties of 2d simulations, field variations along the x direction
are dismissed and therefore 2d designs are restricted to the LP01x and LP11bx modes. However,
all three modes have similar effective indices. Furthermore, the field profiles in the y direction
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are similar for LP11ax and LP01x modes. As a result, a 2d coupler optimized for LP01x also works
for LP11ax, albeit exciting the TE1 mode of the Si waveguide (LP11ax) as opposed to the TE0
mode (LP01x). Hence, the error function minimized in the optimization process is described by:

E =

2∑︂
m=1

(︂
1 − |S2m |

2 − |S3m |
2
)︂2

, (2)

in which S2m and S3m are the scattering parameters for the LP01x and LP11bx modes at the output
of the two waveguides. The optimization was evaluated at a wavelength of 1.55 µm. At this
design stage, different etch levels were also considered, with the highest efficiency being attained
for an etch depth of 120 nm. Figure 2(a) and Fig. 2(b) show the electric field magnitude within
the optimized grating for modes LP01x and LP11bx, respectively, with coupling efficiencies of
−1.5 dB and −1.4 dB. After the optimization, the grating efficiency was evaluated by 3d Finite
Difference Time Domain (FDTD) simulations, resulting in −2.5 dB, −3.0 dB, and −2.2 dB for
the LP01x, LP11ax, and LP11bx modes, respectively, as shown in Fig. 2(c). Those results confirm
that the coupling efficiencies for LP01x and LP11ax are indeed similar, justifying the choice of
optimizing the structure in 2d. The difference between the 2d and 3d simulation results can be
understood by noting that 2d simulation is an approximation that neglects any variations of field
and geometry in the x direction (w.r.t. Figure 1).

Fig. 2. Simulation results of the constitutive blocks of the multimode coupler. (a) Lateral
view of the electric field magnitude for excitation of the LP01x mode in the grating. (b)
Analogous to (a) for LP11bx. (c) Coupling efficiencies of the grating for the 3 FMF modes
of interest from 3d FDTD simulations. (d) Top view of the electric field magnitude for the
TE1 mode in the in-plane mode multiplexer. (e) Analogous to (d) for the TE0 mode. (f)
Coupling efficiencies and crosstalk (XT) of the in-plane mode multiplexer.

Simulation results for the mode-selective directional coupler used in the device are presented
in Fig. 2(d–f). Figure 2(d) shows the top view of the field amplitude for the TE1 mode, whereas
in Fig. 2(e) the field amplitude for TE0 is represented. The insertion loss for modes TE0 and
TE1 are, respectively, 0.02 dB and 0.08 dB, both extremely low, with XT between outputs below
−45 dB. The wavelength response of the device is flat, with a 3 dB bandwidth exceeding the
simulation window of 100 nm.
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3. Fabrication and characterization

The device was fabricated at Applied Nanotools (ANT) rapid fabrication service for silicon
photonic integrated circuit prototyping. The silicon patterning was performed using e-beam
lithography and reactive ion etching (RIE) with full-depth and (120±10) nm, with a minimal
feature size of 100 nm. Covering the chip, a 1 µm silicon dioxide layer was deposited via
plasma-enhanced chemical vapor deposition (PECVD). One-half of the fabricated coupler can be
seen in the optical microscope image in Fig. 3(a). Scanning electron microscopy (SEM) images
also show the details of the mode-selective directional coupler and the bidirectional grating,
which occupies a square area of 22 µm × 22 µm. At the ends of the single-mode waveguides
coming out of the mode coupler identified as a, b, c, and d in Fig. 1, focused gratings designed
for single mode fiber (SMF) with a modal diameter of 10.4 µm are included.

Fig. 3. Fabricated prototype characterization. (a) Optical and SEM images of the fabricated
device showing details of the mode-selective directional coupler (top inset) and the grating
(bottom). (b) Characterization setup for the prototype with excitation of specific modes in
the FMF. (c) Profiles of the excited modes captured by the InGaAs camera.

In order to characterize the fabricated device we employed the setup shown in Fig. 3(b). The
polarization of the light emitted by a tunable laser source with an operating wavelength ranging
from 1460 nm to 1540 nm is set using a polarization rotator before the collimated beam and
directed toward a spatial light modulator (SLM). Different blazed phase masks were imprinted
on SLM to independently excite the LP01x, LP11ax, and LP11bx modes of the FMF. The correct
alignment and proper excitation of the modes is continuously monitored using an InGaAs camera.
In Fig. 3(c) the captured beam profiles are shown. After free-space polarization control based on
λ/2 and λ/4 plates, the beam is coupled into the FMF, which is aligned to the integrated coupler
with the assistance of an optical microscope.

To compute the coupling efficiency of the LP01x mode, we excited this mode at the input of
the FMF, measured the powers at ports b and c, added them, normalized with respect to the
input power of the mode, and discounted the loss of the single-mode coupler. Afterwards, we
excited the LP11bx mode and followed the same process, whereas for the case of LP11ax, we
performed a similar process considering the power levels at port a and d instead of b and c.
The coupling efficiencies each mode are shown in Fig. 4(a). Maximum coupling efficiencies
of −3.0 dB, −3.6 dB, and −3.4 dB were achieved for the LP01x, LP11ax, and LP11bx modes at
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1516 nm, 1515 nm, and 1512 nm, respectively, thus resulting in an MDL of 0.6 dB. The 3 dB
operation bandwidth of the coupler is 13 nm for the LP01x mode (narrowest) and 25 nm for LP11ax
(widest). The wavelength drift observed in the measurements, compared to the simulation results
in Fig. 2, can be attributed to manufacturing errors. In Fig. 4(a), it is also possible to observe a
ripple caused by the cavity generated between the fiber and the chip, which is typical in systems
with vertical alignment. The ripple was measured to be in the range between 0.2 dB and 0.7 dB
over the operation band, leading to a maximum back-reflection level of 4%. Nevertheless, an
index-matched adhesive could be used to reduce back-reflection. It is also important to note that,
although the efficiencies were measured with the light coming from the fiber to the chip, the
reciprocity of the device ensures the same efficiencies in the opposite direction, i.e., for coupling
light from the chip to the FMF.

Fig. 4. Experimental results. Measured coupling efficiencies for the LP01, LP11ax, and
LP11bx modes. (b) Comparison of the proposed device with previously reported integrated
multimode couplers in terms of the number of supported modes and the coupling efficiency.
Red squares indicate devices that address the two orientations of LP11x mode.

Figure 4(b) and Table 1 compare the proposed FMF coupler to other works reporting integrated
multimode couplers. We observe that, in general, the coupling efficiency tends to decrease as the
number of addressed modes increases. In this sense, it is important to note that the proposed
device outperforms couplers that address fewer modes, indicating an excellent performance.
Furthermore, only [23], [10], and this work are able to couple both orientations of LP11x, meaning
LP11ax and LP11bx, which is particularly challenging considering the symmetries of the fiber and
conventional gratings. In order to highlight the reported devices that are designed to deal with

Table 1. Comparison of current couplers for FMF. Mode family LP11b is highlighted because of the
difficulty in coupling this family.

Reference MFD (µm) LP Modes Efficiency (dB) Bandwidth (nm)

[21] 11 01x, 11ax −16.0 NA

[23] 10.7 01x/y, 11ax/y, 11bx/y, 21ax/y −14.3a >30

[10] 10 01x/y, 11ax/y, 11bx/y −9 31

[24] 15.6 01x/y, 11ax/y −6.1 15

[22] 11 01x/y, 11ax/y −5.9 21.6

[22] 11 01x, 11ax −3.9 59

This work 12.1 01x, 11ax, 11bx −3.6 13

aIncludes the loss of the input single-mode coupler.
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the two orthogonal orientations of LP11x mode, a red square marker is employed in Fig. 4(b) and
bold font is used in Table 1.

4. Conclusions

In summary, we have presented and characterized an integrated multimode coupler capable of
coupling the modes LP01x, LP11ax, and LP11bx from a FMF to an SOI chip. The combination
of an optimized non-uniform bidirectional grating and high-performance modal multiplexers
led to coupling efficiencies of −3.0 dB, −3.6 dB, and −3.4 dB for the three coupled modes at
1516 nm, 1515 nm, and 1512 nm, respectively. The challenge of addressing all 6 modes of the
FMF (including the y-polarized modes) should be achievable, with some penalty added to the
efficiencies, by overlapping 2 identical structures at 90°, since the fiber is coupled vertically.
Alternatively, a device capable to couple a higher number of modes could be designed by
employing multi-objective optimization algorithms. These results indicate the device has great
potential to enable the interconnection of SDM systems from fibers to the chip, as it shows an
unprecedented coupling efficiency among multimode couplers.
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