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Abstract: Compact power splitters are essential compo-

nents in integrated optics. While 1 × 2 power splitters with

uniform splitting are widely used, a 1 × N splitter with

arbitrary number N of ports and arbitrary splitting ratio

is yet to be demonstrated. In this work we address this

problem. We fabricate and characterise 1 × N integrated

power splitters that provide fully arbitrary splitting ratios.

The core of our design is represented by an array of N non-

equally spaced waveguides fabricated on a silicon nitride-

on-insulator wafer. Any arbitrary 1×N splitting ratio can be

achievedbyproperly setting the array length and thedimen-

sion of the (N–1) nano-gaps between the adjacent waveg-

uides. Most importantly, at variance with state-of-the-art

solutions, our devices can be designed for arbitrary splitting

of higher-order modes. In this manuscript we provide the

first experimental demonstration of 1×N arbitrary splitting
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ratio for both the fundamental modes (TE00 and TM00) and

the TE01 mode, here up to N = 5 ports. With a footprint

of 20 μm2/port, a bandwidth up to 70 nm and an excess

losses<0.2 dB, our devices set a new benchmark for optical

power splitters in both standard single-mode photonics as

well as in the emerging integrated multimode photonics

technology, and may therefore boost key photonic applica-

tions, from optimal power distribution and equalization up

to signal processing operations.

Keywords: integrated photonics; power splitting; multi-

mode; silicon nitride

1 Introduction

Integrated optical power splitters are essential components

in photonics. While the design of 1 × 2 splitters providing

uniform splitting at the 2 output ports is relatively straight-

forward, the implementation of 1 × N splitters with arbi-

trary number of N output ports and with arbitrary splitting

ratio discloses significant challenges in terms of compact-

ness, complexity, scalability and excess losses (ELs). Indeed,

a general solution to this problem is yet to be demonstrated.

On the other hand, these splitters may enable or boost key

applications that benefit from multiple output ports and/or

non-uniform splitting, including optical feedback and signal

monitoring [1], optimal power distribution [2], [3], equaliza-

tion [4], and network access [5], to name a few. In addition,

they may provide a new route to complex all-optical logical

and signal processing operations on chip [6]–[9].

Typical performance indicators for power splitters inc-

lude footprint, design complexity, arbitrary splitting, scal-

ability, EL and bandwidth. With the advent of multimode

photonics [10]–[12] that has characterized the last decade, a

further key feature of new-generation power splitters will

be the ability to split the power of higher-order modes. First

of all, this would allow replicating the above-mentioned

applications by using higher-order modes, thus increasing

the overall throughput and efficiency. Furthermore, it may
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enable the implementation of new operations for multi-

mode optical networks, such as selective optical switching

based on the modal content.

State-of-the-art technology in photonic integrated cir-

cuits is mainly based on directional couplers, Y-junctions

and multimode interferometer (MMI) devices, which have

been widely used to implement 1 × 2 splitters. Typically,

on chip 1 × N splitters with N > 2 output ports of equal

splitting ratios (equal power at all the output ports) are

realised via cascaded devices, namely, Y-junctions [13]–[15]

orMMIs [16], [17]. However, these cascaded schemes come at

the expense of large EL (directly proportional to the number

of cascaded stages at best), bandwidth reduction (inversely

proportional to the number of stages) and a significantly

large footprint. Moreover, any fabrication error in one split-

ter will affect its whole branch, which poses a limit to the

splitting uniformity. Standard 1 × N MMIs have a smaller

footprint than cascaded Y-junctions but their design is sub-

stantiallymore complex and hardly scalable [17] even in the

simplest case of equal splitting ratios.

The design of ultra-compact splitters is considerably

challenging, especially if arbitrary splitting is targeted.

A few integrated MMIs have recently been proposed to

achieve arbitrary 1 × 3 [18] and uniform 1 × 4 [19] power

splitting in an extremely compact design. These are based

on complex and unconventional geometries where light

undergoes scattering and reflection in several locations

whose design requires numerical optimization of tens to

hundreds of parameters for a total computational time that

can exceed 100 h. This may compromise the beam quality

and mode purity at the output as well as the ability to scale

the design to 1 × N schemes with arbitrary power ratio and

number of output ports.

In this work we fabricate and characterize a new inte-

grated platform for 1 × N power splitters, which is based

on the theoretical guidelines and design procedures that we

have previously reported in Ref. [20]. Given an array of N

coupled and non-equally spaced waveguides, any arbitrary

1 × N splitting ratio can be achieved by properly setting

the array length and the dimension of the (N–1) nano-gaps

between the N adjacent waveguides.

The keystone of our platform is its simple design that

reduces drastically the computation time and results in a

straightforward fabrication process that provides consis-

tently the expected splitting ratios in all the cases under

test. Most importantly, the complexity of the design is inde-

pendent of the specific splitting ratio or number of ports,

which makes our platform fully flexible and easily scal-

able. The strong coupling among adjacent waveguides and

the absence of discontinuities lead to effective splitting in

a compact footprint, with low EL and high beam quality.

Moreover, differently from standard power splitters, our

platform can be used to split higher-order modes besides

the fundamental one, again at no-extra cost in terms of com-

plexity. Note that in principle higher-order mode splitting

could be obtained by cascading a mode converter (from

higher-order mode to fundamental mode), a splitter (for

fundamental mode) and then a further mode-converter

(from the fundamental mode to the initial higher-order

mode). However, this cascade scheme would substantially

increase the total footprint and complexity and conversely

would reduce the bandwidth and output modal purity.

Some recent works have experimentally investigated

the design of 1 × 2 splitters for higher-order modes with

equal splitting ratios [21]–[24], whereas the theoretical anal-

ysis of 1 × 2 splitters with arbitrary splitting ratio has been

originally introduced in Ref. [25]. In this manuscript, we

provide the first experimental demonstration of 1 × N split-

ting with an arbitrary splitting ratio for both the fundamen-

tal (TE00, TM00) modes as well higher-order modes (here

TE01).

In Section 2 we provide an overview of the design and

fabrication; in Sections 3 and 4 we report on a variety of 1

× 3 and 1 × 5 arrays with arbitrary splitting ratios for the

TE00, TM00 and TE01 modes; in Section 5 we compare our

platform against state-of-the-art approaches and we discuss

how our current design could be modified to enhance the

overall performance and to integrate novel applications.

2 Design and fabrication

In order to show arbitrary power splitting of both the fun-

damental and higher-order modes, we have designed, fab-

ricated and tested several power splitters for TE00, TM00

and TE01 modes. In this work the waveguides core is made

of stoichiometric silicon nitride (SiN) and is buried in silica

(SiO2) cladding. While in principle we may design splitters

for any number of output ports and any higher-order mode,

here we focus on devices with N = 3 or N = 5 output ports

and we choose TE01 as the higher-order mode to be split.

Indeed, this simplifies the free-space input coupling and the

output modal decomposition. In the following, we indicate

with 1 × N-TE00, 1 × N-TM00 and 1 × N-TE01 (N = 3, 5)

the splitters for TE00, TM00 and TE01 modes, respectively.

Figure 1 shows a schematic of the device, which is composed

of 3 distinct stages. In order to use the samenotation for 1× 3

and 1× 5 splitters, hereW 1 indicates the central waveguide,

W2 andW3 represent the pair of inner waveguides andW4

and W5 represent the pair of outer waveguides. Similarly,

we use the notationWout
n

(n= 1, 2, 3, 4, 5) for the output port

corresponding to the output end of waveguideW
n
.
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Figure 1: Schematic of the power splitters and related stages discussed in this work. Here, the example of 1 × 5 splitters with TE00 or TE01 excitation is

illustrated. Two different configurations are implemented. In panel (a) the input beam – coupled either to the TE00 or TE01 mode – is launched in the

central waveguideW 1 at the input of stage-1, and is split in the following stages. The device works therefore as a pure power splitter for TE00 or TE01

beams. In panel (c) the input beam – coupled to the mode TE00 – is first converted to TE01 via the directional coupler (highlighted by the red dashed

rectangle) in stage-1 and it is then split in the following stages. Mode conversion and splitting are therefore integrated in the same device. Panel (b) is

a magnification of stage-2 reporting the notation used in this work. While in general the gaps can all be different from each other, in this work

d12 = d13 and d24 = d35. Note that the outer waveguidesW4 andW5 are not present in 1 × 3 splitters.

Stage-1 is the coupling stage where the input beam to

be split is launched in the central waveguide W1. Two dif-

ferent scenarios are explored to couple TE01 beams, both

of which correspond to distinct practical applications. In

the first case, we implement free-space mode conversion

via an external phase-plate (PP). The incident light at the

input of stage-1 is therefore a TE01-like beam and our device

works purely as a power splitter (see Figure 1a). Alterna-

tively, mode conversion can be realised through an on chip

asymmetric directional coupler in stage-1 (see Figure 1c). In

this latter case, the device represents a mode converter and

splitter fully integrated on the same platform.

Stage-2 is the core of our power splitter. It is com-

posed of an array of N coupled waveguides that split the

beam in input from the central waveguide W 1 into N out-

puts [20]. Each waveguide of the array is coupled to the

nearest neighbourwaveguides. The overall power exchange

between the waveguides is defined by the array length and

by the coupling coefficients between neighbouring waveg-

uides. Therefore, given a target output splitting ratio at a

fixed reference wavelength, the inverse design consists of

calculating the corresponding array lengths and the cou-

pling coefficients. Finally, since each coupling coefficient

between neighbouring waveguides is related to the width

of the gap between them, we can simply calculate the

latter. In general, the resulting gap widths are different

from each other, namely, the waveguides are not equally

spaced. Here we use the notations d12 and d13 to refer to the

widths of the inner gaps, whilst d24 and d35 represent the

widths of the outer gaps. Note that the design requires the

knowledge of thematerials refractive index at the reference

wavelength, both of which are reported in the Supplemen-

tary Material Section 1.

Stage-3 is not essential but is implemented to separate

the output ports by at least 10 μm, which facilitates both the
powermeasurements and themodal decomposition at each

output port.

Table 1 reports the characteristics of the power split-

ters discussed in this work along with the corresponding

geometrical parameters. The splitting ratios and the corre-

sponding reference wavelengths are not the same in the

different splitters under investigation as we want to high-

light our ability to set completely arbitrary values. All the

splitters under test are symmetricwith respect to the central

waveguide, that is, d12 = d13 and d24 = d35. This allows for the

assessment of the fabrication and measurement precision.

Indeed thanks to the symmetric geometry we should

find equal power splitting at the pair of inner ports (Wout
2

and W
out
3
) and at the pair of outer ports (Wout

4
and W

out
5
),

respectively. The waveguides are 300 nm in height with a

width of𝑤 = 1 μm for 1 × N-TE00 and 1 × N-TM00 splitters

in order to fulfil the single-mode condition (only TE00 and

TM00 supported) in the range of wavelengths of interest,

namely 1530–1610 nm band. The width is increased to𝑤 =
2 μm for the 1×N-TE01 splitters as TE01 is also supported at

this width.

The fabrication has been developed through the COR-

NERSTONE prototyping service based at the University of

Southampton. The devices under test were fabricated on a

SiN-on-insulator wafer starting from a 300 nm thick layer

of SiN deposited onto an 8-inch Si wafer with a 3 μm thick

SiO2 layer. As the minimum feature size is ∼250 nm, the
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Table 1: List of power splitters presented in this work.

Splitter Figure Power ratio RW (nm) d (nm) d (nm) L (𝛍m) Rb,in (𝛍m) Rb,out (𝛍m) Lb (𝛍m)

1 × 5-TE00 4a 4.5:1:9:1:4.5 1570 300 449 23.59 60 40 52.05

1 × 5-TE00 4b 1:1:2:1:1 1560 300 449 19.99 60 40 52.05

1 × 3-TE01 6a 1:1:1 1535 300 – 10.84 40 – 36.30

1 × 3-TE01 6b 3.5:1:3.5 1570 300 – 15.64 40 – 36.30

1 × 5-TE01 7a 2.5:1:6:1:2.5 1575 300 464 28.95 60 40 49.56

1 × 5-TE01 7b 1:2:2:2:1 1565 300 464 24.12 60 40 49.56

RW= reference wavelength. Parameters related to stage-2 are: d12 = inner gap; d24 = outer gap; L= array length. Note that in this work d13 = d12
and d35 = d24. Parameters relate to stage-3 are: Rb,in = bend radius of inner waveguidesW2 andW3; Rb,out = bend radius of outer waveguidesW4 and

W5; Lb = length of the bent section. The power ratio indicates the relative power at the output ports of the array. For example, a 1 × 5 arrays with the

ratio – 4.5:1:9:1:4.5 – indicates that the outer ports (Wout
4

andWout
5
) have 4.5 times the power of the inner ports (Wout

2
andWout

3
) and the central port

(Wout
1
) has 9 times the power of the inner ports.

geometry is patterned via deep-ultraviolet (DUV) lithogra-

phy rather than e-beam lithography. Patterning is then fol-

lowed by an inductively coupled plasma etch (ICP) process

and a 2 μm thick SiO2 capping layer deposition. End facet

polishing is finally implemented to maximise input and

output coupling efficiency. The devices are imaged by a

100× microscope and are shown in Figure 2 along with the

corresponding near-fields at the output ports. An enlarged

version of the near-field images is provided in the Supple-

mentary Material, Section 3.

3 Experimental results on 1× N-

TE00 and 1× N-TM00 splitters

A schematic of the experimental setup for the character-

isation of the fabricated devices is shown in Figure 3. A

narrow band CW tunable diode laser with 10 dBm output

power across the 1530–1610 nmspectral region is used as the

optical source. The light is coupled into the central waveg-

uideW 1 via edge-coupling through a 60×, 0.85NA objective

(ObjIn). A polarisation controller (PC) combined with a lin-

ear polariser (Pol) precisely control the excitation of either

the TE or TM waveguide modes with a polarisation extinc-

tion ratio exceeding 20 dB. The chip including the power

splitters under test is positioned on an XYZ piezoelectric

stage for high-precision optical coupling. At the output, light

is collected through a second 60×, 0.85NA objective (ObjOut).
The beam from each output port is isolated using an aper-

ture (Apt) and the corresponding power measured with an

optical power meter with 1 nW resolution. The near-field at

each output port is imaged on an infrared camera.

The first splitter under test is a 1 × 5-TE00 that is

designed to provide a splitting ratio of 4.5:1:9:1:4.5 at the

reference wavelength of 1570 nm (see Table 1). The experi-

mentallymeasured splitting ratios are reported in Figure 4a

along with the results obtained by finite-element-method

(FEM) numerical simulations of the device via COMSOL

Multiphysics. The bandwidth is calculated with respect to a

±0.5 dB variation of an equal power splitting, that is, when
the power is the same at the output ports. This enables a fair

comparison between the bandwidth of splitters having dif-

ferent numbers of output ports and different splitting ratios.

In the case of 1 × 5 splitters, this corresponds to a ±2.5 %
variation. The shadowed regions in Figure 4a indicate the

upper and lower limits of the ±2.5 % variation, from which

we estimate a bandwidth of∼60 nm (1550–1610 nmband). It

should be noted that the bandwidth is essentially related to

chromatic dispersion. The latter is responsible for thewave-

length dependence of the coupling coefficients, which ulti-

mately define the dynamics of the power exchange between

the waveguides of the array. Therefore, the lower the chro-

matic dispersion, the broader the bandwidth.

The second 1 × 5-TE00 splitter is designed to provide

a splitting ratio of 1:1:2:1:1 at the reference wavelength

of 1560 nm. Experimental results and numerical simula-

tions are reported in Figure 4b. Similarly to the previous

case shown in Figure 4a, we note a significant agreement

between simulations and experiments. However, the band-

width is reduced to ∼20 nm (1550–1570 nm band). In the

Supplementary Material, Section 2, we report on a 1 × 5-

TM00 splitter we have fabricated that exhibits equal split-

ting ratio at the output ports over the tested spectralwindow

(1530–1610 nm).

In general, our design of 1 × 5-TE00 and 1 × 5-TM00

splitters turns out to be robust and reliable for any arbitrary

power ratio. Note that all the output beams exhibit a clean

and circular shape typical of the fundamental mode (see

e.g. Figure 2a). It is also worth noting a good quantitative

agreement between experiments and simulations across the

whole 1530–1610 nm spectral region, which attests to the

predictability of our theoretical model.
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Figure 2: Microscope images of several different devices fabricated and tested (b, d, f, h), along with camera images of the corresponding near-field

at the output ports (a, c, e, g). Panels (a, b) display the 1 × 5-TE00 power splitter for 1:1:2:1:1 splitting, see results in Figure 4b. Panels (c, d) display

the 1 × 3-TE01 power splitter for equal splitting ratios, see results in Figure 6a. Panels (e, f) display the 1 × 5-TE01 power splitter for 2.5:1:6:1:2.5

splitting, see results in Figure 7a. Panels (g, h) display the 1 × 5-TE01 power splitter with integrated mode converter whose preliminary results are

discussed in the Supplementary Material, Sections 2 and 3.

Figure 3: Experimental setup. TLS= tunable laser source (1530–1610 nm); PC= polarisation controller; pol= linear polariser; ObjIn,Out = input/output

objective; Apt= aperture; BS= beam splitter; OPM= optical power meter. The input phase plate PPIn is used for free-space excitation of the TE01

mode in 1 × 3-TE01 and 1 × 5-TE01 splitters, otherwise is not present. Similarly, the output phase-plate PPOut is used for modal decomposition

at the output.

The reason for the good agreement is twofold. First, the

deposition of SiN in our cleanrooms is a well-established

fabrication process and we could rely on the precise knowl-

edge of the SiN refractive index for our design. Second, the

use of DUV lithography allows the definition of nano-gaps

with a typical maximum deviation of 20 nm from the nomi-

nal values. These are key factors since the core of our design

relies on the estimation of the coupling coefficients between
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Figure 4: Measured (crosses) and simulated (solid lines) splitting ratios

at the output ports of the 1 × 5-TE00 power splitters reported in Table 1.

The shaded regions indicate a±2.5 % variation with respect to the

nominal splitting ratios, namely 4.5:1:9:1:4.5 for panel (a) (in percentage:

22.5 %, 5 %, 45 %, 5 %, 22.5 %) and 1:1:2:1:1 for panel (b) (in percentage:

16.66 %, 16.66 %, 33.33 %, 16.66 %, 16.66 %). To simplify the represent-

ation, the experimental data related to portsW3 (W5) have been omitted

in the figures, as they closely resemble the data at portsW2 (W4), with

differences as small as 1 %. Therefore, the notationW2,3 (W4,5) is

employed in the legend to indicate that the reported data applies to both

waveguidesW2 andW3 (W4 andW5).

adjacent waveguides, which depend critically on both the

refractive index and the nano-gap widths. Indeed, accord-

ing to the numerical simulations, variations of ±20 nm
in the gaps width do not affect significantly the splitting

ratios and the operational bandwidth of our power splitters,

which proves the robustness of our approach to fabrication

variations.

As anticipated in the previous section, further evi-

dence of the fabrication accuracy is provided by the sym-

metric power splitting ratios at the inner and outer out-

put ports. The difference between ports Wout
2

and W
out
3

is

typically smaller than 1% (see Table S1 in Supplementary

Material Section 4) and the same applies to the outer ports

W
out
4

andWout
5
.

Because it may be challenging to measure a low EL,

the assessment is carried out with two distinct techniques

in order to provide an accurate estimate. In the first case,

the EL is calculated as the ratio between the average trans-

mission of the splitter and the average transmission of a

reference straight waveguide with the same dimensions of

the waveguides in the splitter [26]. The above-mentioned

average transmissions are performed over 5 different repli-

cas of the splitter under test and of the referencewaveguide.

In the second case, the EL is calculated via a system

of in-series-cascaded splitters [27], [28], as illustrated in

Figure 5. The transmission is evaluated as a function of the

number of cascaded splitters and then fitted with a straight

line, whose slope indicates the EL. In both cases, we estimate

an EL as small as <0.2 dB, which comes as the result of a

smooth geometry and the absence of discontinuities at the

interface between the different stages.

Figure 5: Estimation of excess loss via in-series cascade of splitters at

a wavelength of 1550 nm. Panel (a) displays a microscope image of the

in-series-cascades. Different rows include a different number of cascaded

splitters. By measuring the transmitted power at each row, the total loss

is computed versus number of cascaded devices, which is reported in

panel (b) (red crosses). The slope of the fitted line (solid blue) indicates

the excess loss of a single splitter, here∼0.13 dB/device. Measurements
related to rows 3 and 7 are omitted due to visible damage at their end

facets.
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4 Experimental results

on 1× N-TE01 splitters

One of the advantages of our approach based on arrays of

waveguides is that splitting higher-order modes does not

bring any additional complexity to the design and fabrica-

tion process [20]. On the other hand, two additional steps

are introduced in the experimental setup, namely, the selec-

tive excitation of higher-order modes at the input (stage-1)

as well as the mode decomposition to estimate the modal

extinction ratio (MER) at the output ports. As anticipated,

in this work the chosen higher-order mode is TE01, which

is launched via free-space optics or through integrated con-

version on chip. In the first case we employ a standard

fused silica PP with 0–𝜋 phase-step (PPin in Figure 3), which

is commonly used to excite TE01 modes with high modal

purity [29].

Mode decomposition follows a standard procedure

detailed in Refs. [29], [30], this involves passing a beam

through an additional PP (PPout in Figure 3) and coupling the

transmitted light into a single-mode fibre. By decomposing

the beam at the output portWout
n

we estimate the fraction of

beampower P00 and P01 carried by themode TE00 and TE01,

respectively. We indicate with MER
n
the MER evaluated at

the output portWout
n
, which is the ratio P01∕P00 between the

above-mentioned powers.

The measure of the MER at each output port is one of

the key performance indicators in our 1 × N-TE01 splitters.

A large MER indicates high modal purity, namely, that most

of the power is coupled to the TE01 mode. Conversely, a

low MER would indicate that our 1 × N-TE01 splitter is

affected by a substantial residual TE00 component. Thismay

be either the consequence of inefficient selective excitation

of the TE01 mode at the input coupling end or of modal

conversion from TE01 to TE00 inside the splitter due to

bending or geometry imperfections. As in the case of the

excess loss estimation, we use a reference straight waveg-

uide to evaluate the excess MER degradation induced by the

splitter itself, beyond the inherent MER degradation due to

coupling. The MER of the reference waveguide is MERref ∼
14 dB.

The first 1 × 3-TE01 splitter under test is designed to

provide equal splitting ratios at 1535 nm. Here, the average

MER measured at the output ports is ∼11 dB, which corre-

sponds to an excess MER degradation of 3 dB. According

to our simulations, this is due to a partial re-conversion

TE01-to-TE00 in the curved sections of stage-3 and may be

reduced by increasing the bending radii. Note that, as pre-

viously mentioned, stage-3 is redundant and introduced in

our setup only to simplify the measurements.

The results are illustrated in Figure 6a and show a

good quantitative agreement between experiments and

FEM simulations. As in the examples discussed in the pre-

vious section, the bandwidth is calculated with respect to

a ±0.5 dB variation of an equal power splitting. In the

case of 1 × 3 splitters, this corresponds to a ±4% varia-

tion. In this example, the measured bandwidth is ∼30 nm
(1540–1570 nmband). The output beams imaged on the cam-

era are displayed in Figure 2c, where we distinctly observe

the characteristic shape of the TE01 mode at each output

port.

Good agreement is found also in the second 1 × 3-TE01

splitter illustrated in Figure 6b and designed to provide

Figure 6: Measured (crosses) and simulated (solid lines) splitting ratios

at the output ports of the 1 × 3-TE01 power splitters reported in Table 1.

The shaded regions indicate a±4 % variation with respect to the nominal

splitting ratios, namely 1:1:1 for panel (a) (equal splitting) and 3.5:1:3.5 for

panel (b) (in percentage: 43.75 %, 12.50 %, 43.75 %). To simplify the repre-

sentation, the experimental data related to portsW3 have been omitted

in the figures, as they closely resemble the data at portsW2, with

differences as small as<1 %. Therefore, the notationW2,3 is employed in

the legend to indicate that the reported data applies to both waveguides

W2 andW3.
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3.5:1:3.5 splitting ratio at a reference wavelength of 1570 nm,

for which the bandwidth is at least 70 nm (1530–1600 nm

band) and the MER degradation is similar to the previous

case.

Similar considerations and results are found for

the 1 × 5-TE01 splitters reported in Figure 7, providing

2.5:1:6:1:2.5 and 1:2:2:2:1 splitting at the reference wave-

lengths of 1575 nm and 1565 nm respectively. In the Supple-

mentary Material Sections 2 and 3, we report some prelim-

inary result on the 1 × 5-TE01 splitter with an integrated

mode converter displayed in Figure 2g and h.

Figure 7: Measured (crosses) and simulated (solid lines) splitting ratios

at the output ports of the 1 × 5-TE01 power splitters reported in Table 1.

The shaded regions indicate a±2.5 % variation with respect to the

nominal splitting ratios, namely 2.5:1:6:1:2.5 for panel (a) (in percentage:

19.23 %, 7.69 %, 46.15 %, 7.69 %, 19.23 %) and 1:2:2:2:1 for panel (b)

(in percentage: 12.5 %, 25 %, 25 %, 25 %, 12.5 %). To simplify the repre-

sentation, the experimental data related to portsW3 (W5) have been

omitted in the figures, as they closely resemble the data at portsW2 (W4),

with differences as small as<1 %. Therefore, the notationW2,3 (W4,5) is

employed in the legend to indicate that the reported data applies to both

waveguidesW2 andW3 (W4 andW5).

5 Conclusion and perspectives

We have designed, fabricated and characterized a novel

platform for integrated optical power splitting that is based

on an array of coupled and non-equally spaced waveguides.

Our approach merges compactness along with a simple and

reliable design strategy that allows the use of DUV lithog-

raphy rather than e-beam lithography, resulting in a more

cost-effective and faster fabrication process. The core of our

device is indeed represented by stage-2 which requires the

optimization of just N parameters (length and N–1 nano-

gaps) to achieve fully arbitrary 1 × N power splitting. The

optimization algorithm is based on the solution of a sys-

tem of N coupled linear differential equations and requires

therefore a remarkably low computational effort [20]. The

flexibility of our platform manifests itself not only in the

ability to provide arbitrary power splitting for an arbitrary

mode, but also in the possibility to reshape the design to

extend the range of applications. For example, our splitters

could be trivially modified to accommodate multiple input

modes and ports. A variety of different arbitrary splitting

ratios could be therefore obtained by selectively exciting

different input modes and/or ports in stage-1, as reported in

the SupplementaryMaterial Section 4. A further remarkable

perspective is the implementation of all-optical logical and

mathematical operations on chip, whichmay be pursued by

properly exciting simultaneously several input ports.

Moving forward, limitations on the number of modes

and output ports will be explored. While the complexity of

the design is independent of the higher order mode to be

split and almost independent of the number of output ports,

it is however still unclear at what extent the design scala-

bility translates into manufacturing scalability. Certainly, it

is not difficult to fabricate arrays with tens of waveguides,

with individual waveguides large enough to support the

desired higher-ordermode. However, we are still investigat-

ing what this entails in terms of fabrication robustness.

In Table 2 we compare the main key-performance indi-

cators in our platform and in some relevant and ultra-

compact power splitters recently reported and experimen-

tally characterized. Note that while 1 × N splitters (N > 2)

have been implemented via a cascade of Y-junctions and

standard MMIs [13], [16], they do not offer higher-order

mode operation nor arbitrary splitting, and in addition they

are characterised by large EL and a footprint that is several

orders of magnitude larger than the devices reported in

Table 2.

The complexity is evaluated in terms of the number

of parameters to optimize. Both the complexity and the

footprint are normalised with respect to the number of
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Table 2: Comparison between recent state-of-the art works and our platform.

Ref Type BQ FP (𝛍m2/port) Complexity (par/port) Split EL (dB) BW (nm) Multimode

[31] Y-junction High 1.6 4 1 × 2 Arb 0.5 40 No

[18] MMI Low 4.3–6.5 300–450 1 × 2, 1 × 3 Arb 1 <30 No

[19] MMI Low 10.8 >40 1 × 4 equal <1a 15 No

[21] Dir. coupler High 15b 1b 1 × 2 equal 0.2–2.1 <30 Yes

[22] Y-junction High 180 7 1 × 2 equal 0.5 80 Yes

[23] MMI NAc 5000 2 1 × 2 equal 1.24–1.85 60 Yes

THIS AWG High 20d 1 1 × 3, 1 × 5 Arb <0.2 15–70 Yes

All the data in the table are either directly reported or otherwise inferred. BQ= beam quality; FP= footprint; EL= excess loss; BW= bandwidth; Arb

= arbitrary splitting ratios; equal= equal splitting ratios only (non arbitrary). Notes: aExcess loss not reported but insertion loss of 1.08 dB mentioned;
bthe core of the device is the coupling region∼15 μm × 2 μm, whose parameters are length and gap; cbeam quality not clear from the data reported;

modal extinction ratio not provided; drefer to the footprint of stage-2, where splitting takes actually place. Stage-3 is indeed not essential and

introduced in this work only to simplify the experimental measurements.

output ports. The beam quality refers to the beam shape at

the output ports. It is worth noting that in Refs. [18], [19],

the power splitting is assisted by multiple reflections and

superposition ofmany scatteredwaves that is likely to result

in speckled, spatially incoherent output beam shapes.

To the best of our knowledge, so far 1 × 3 splitters with

arbitrary power ratios have been reported for single-mode

operation only, and 1 × 2 splitters with equal splitting ratios

for multimode operation. Along with the unique feature of

providing arbitrary splitting with N > 3 ports, our platform

represents the first demonstration of arbitrary splitting of

higher-order modes. It should be noted that the DUV lithog-

raphy process in our cleanrooms sets a limit of ∼250 nm
to the minimum gap-width. The latter could be reduced

via e-beam lithography, which would result in a stronger

coupling among waveguides and lead to an even shorter

coupling length. This would reduce the footprint by a factor

of 2 at least.

Finally, unlike some recently reported works that rely

on intense computation to optimise a considerable number

of parameters (120 h to optimize 900 parameters in Ref.

[18]), in our splitters the complexity is drastically reduced

(1 parameter/port) and independent of the spatial mode to

be split, of the number of output ports and the splitting

ratio. This results in effortless design, scalability and good

tolerance in the fabrication process, where the absence of

discontinuities ensures the lowest excess loss among those

reported in Table 2. As such, we believe our platform sets a

new benchmark for optical power splitting in both standard

single-mode photonics as well as in the emerging integrated

multimode photonics technology. It will enhance important

applications – like signal processing, signal feedback and

power distribution – that will be substantially boosted by

the multiport operation with arbitrary power ratio. More-

over, the ability to split higher-order modes will make these

applications available for the multimode photonics and

could at the same time enable novel applications for mul-

timode networks.

Research funding: H2020 project 802682. EPSRC

EP/T019441/1.

Author contributions: All authors have accepted responsi-

bility for the entire content of thismanuscript and approved

its submission.

Conflict of interest: Authors state no conflicts of interest.

Informed consent: Informed consent was obtained from all

individuals included in this study.

Ethical approval: The conducted research is not related to

either human or animals use.

Data availability: The datasets generated and/or analysed

during the current study are available from the correspond-

ing author upon reasonable request.

References

[1] A. Zanzi, A. Brimont, A. Griol, P. Sanchis, and J. Marti, “Compact and

low-loss asymmetrical multimode interference splitter for power

monitoring applications,” Opt. Lett., vol. 41, no. 2, pp. 227−229,
2016..

[2] J. Sun, E. Timurdogan, A. Yaacobi, E. S. Hosseini, and M. R. Watts,

“Large-scale nanophotonic phased array,” Nature, vol. 493,

no. 7431, pp. 195−199, 2013..
[3] T. Spuesens, S. Pathak, M. Vanslembrouck, P. Dumon, and W.

Bogaerts, “Grating couplers with an integrated power splitter for

high-intensity optical power distribution,” IEEE Photonics Technol.

Lett., vol. 28, no. 11, pp. 1173−1176, 2016..
[4] A. Novack, M. A. Streshinsky, Y. Ma, and M. J. Hochberg, “Variable

power splitter for equalizing output power,” US Patent App.

14/963,205, 2016.

[5] P. Chanclou, A. Cui, F. Geilhardt, H. Nakamura, and D. Nesset,

“Network operator requirements for the next generation of optical

access networks,” IEEE Network, vol. 26, no. 2, pp. 8−14, 2012..



348 — J. Haines et al.: Arbitrary power splitting for single and multimode photonics

[6] H. Xu and Y. Shi, “Flat-top cwdm (de) multiplexer based on mzi with

bent directional couplers,” IEEE Photonics Technol. Lett., vol. 30,

no. 2, pp. 169−172, 2017..
[7] M. Papaioannou, E. Plum, and N. I. Zheludev, “All-optical pattern

recognition and image processing on a metamaterial beam

splitter,” ACS Photonics, vol. 4, no. 2, pp. 217−222, 2017..
[8] A. E. Willner, S. Khaleghi, M. R. Chitgarha, and O. F. Yilmaz,

“All-optical signal processing,” J. Lightwave Technol., vol. 32, no. 4,

pp. 660−680, 2013..
[9] P. Minzioni, et al., “Roadmap on all-optical processing,” J. Opt.,

vol. 21, no. 6, p. 063001, 2019..

[10] C. Li, D. Liu, and D. Dai, “Multimode silicon photonics,”

Nanophotonics, vol. 8, no. 2, pp. 227−247, 2018..
[11] D. J. Richardson, J. M. Fini, and L. E. Nelson, “Space-division

multiplexing in optical fibres,” Nat. Photonics, vol. 7, no. 5,

pp. 354−362, 2013..
[12] I. Cristiani, et al., “Roadmap on multimode photonics,” J. Opt.,

vol. 24, no. 8, p. 083001, 2022..

[13] S. H. Tao, Q. Fang, J. F. Song, M. B. Yu, G. Q. Lo, and D. L. Kwong,

“Cascade wide-angle Y-junction 1 × 16 optical power splitter based

on silicon wire waveguides on silicon-on-insulator,” Opt. Express,

vol. 16, no. 26, pp. 21456−21461, 2008..
[14] X. Tang, J. Liao, H. Li, L. Zhang, R. Lu, and Y. Liu, “A novel scheme

for 1 × n optical power splitter,” Opt. Express, vol. 18, no. 21,

pp. 21697−21704, 2010..
[15] B. Desiatov, A. Shams-Ansari, M. Zhang, C. Wang, and M. Lončar,

“Ultra-low-loss integrated visible photonics using thin-film lithium

niobate,” Optica, vol. 6, no. 3, pp. 380−384, 2019..
[16] D. Kwong, Y. Zhang, A. Hosseini, Y. Liu, and R. T. Chen, “1 x 12 even

fanout using multimode interference optical beam splitter on

silicon nanomembrane,” Electron. Lett., vol. 46, no. 18,

pp. 1281−1283, 2010..
[17] A. Hosseini, D. N. Kwong, Y. Zhang, H. Subbaraman, X. Xu, and R. T.

Chen, “1× N multimode interference beam splitter design

techniques for on-chip optical interconnections,” IEEE J. Sel. Top.

Quantum Electron., vol. 17, no. 3, pp. 510−515, 2011..
[18] K. Xu, et al., “Integrated photonic power divider with

arbitrary power ratios,” Opt. Lett., vol. 42, no. 4, pp. 855−858,
2017..

[19] J. Kim, J.-Y. Kim, J. Yoon, H. Yoon, H.-H. Park, and H. Kurt,

“Experimental demonstration of inverse-designed silicon

integrated photonic power splitters,” Nanophotonics, vol. 11, no. 20,

pp. 4581−4590, 2022..

[20] Y. Franz and M. Guasoni, “Compact 1 × n power splitters with

arbitrary power ratio for integrated multimode photonics,” J. Opt.,

vol. 23, no. 9, p. 095802, 2021..

[21] Y. Luo, Y. Yu, M. Ye, C. Sun, and X. Zhang, “Integrated dual-mode 3

db power coupler based on tapered directional coupler,” Sci. Rep.,

vol. 6, no. 1, pp. 1−7, 2016..
[22] H. Xu and Y. Shi, “Ultra-broadband dual-mode 3 db power splitter

based on a y-junction assisted with mode converters,” Opt. Lett.,

vol. 41, no. 21, pp. 5047−5050, 2016..
[23] Y. Zhang, et al., “An integrated few-mode power splitter based on

multimode interference,” J. Lightwave Technol., vol. 37, no. 13,

pp. 3000−3008, 2019..
[24] R. Liu, L. Lu, P. Zhang, W. Chang, D. Liu, and M. Zhang, “Integrated

dual-mode 3-db power splitter based on multimode interference

coupler,” IEEE Photonics Technol. Lett., vol. 32, no. 14, pp. 883−886,
2020..

[25] H. Xu, D. Dai, and Y. Shi, “Ultra-broadband on-chip multimode

power splitter with an arbitrary splitting ratio,” OSA Contin., vol. 3,

no. 5, pp. 1212−1221, 2020..
[26] X. Guan, P. Chen, S. Chen, P. Xu, Y. Shi, and D. Dai, “Low-loss

ultracompact transverse-magnetic-pass polarizer with a silicon

subwavelength grating waveguide,” Opt. Lett., vol. 39, no. 15,

pp. 4514−4517, 2014..
[27] Yi Zhang, et al., “A compact and low loss y-junction for submicron

silicon waveguide,” Opt. Express, vol. 21, no. 1, pp. 1310−1316, 2013..
[28] H. Wu, Y. Tan, and D. Dai, “Ultra-broadband high-performance

polarizing beam splitter on silicon,” Opt. Express, vol. 25, no. 6,

pp. 6069−6075, 2017..
[29] C. Lacava, et al., “Intermodal Bragg-scattering four wave mixing in

silicon waveguides,” J. Lightwave Technol., vol. 37, no. 7,

pp. 1680−1685, 2019..
[30] O. F. Anjum, et al., “Polarization-insensitive

four-wave-mixing-based wavelength conversion in few-mode

optical fibers,” J. Lightwave Technol., vol. 36, no. 17, pp. 3678−3683,
2018..

[31] Z. Lin and W. Shi, “Broadband, low-loss silicon photonic Y-junction

with an arbitrary power splitting ratio,” Opt. Express, vol. 27, no. 10,

pp. 14338−14343, 2019..

Supplementary Material: This article contains supplementary material

(https://doi.org/10.1515/nanoph-2023-0694).

https://doi.org/10.1515/nanoph-2023-0694

	1 Introduction
	2 Design and fabrication
	3  Experimental results on 1 tnqxd7; N-TE00 and 1 tnqxd7; N-TM00 splitters
	4  Experimental results on 1 tnqxd7; N-TE01 splitters
	5 Conclusion and perspectives


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


