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Mode-division multiplexing has a great potential to increase the bandwidth and data rates of 
emerging communication systems. Here, we propose a novel silicon photonic mode 
multiplexer exploiting on-chip free-space-like propagating optical beams to achieve TE0 and 
TE1 mode demultiplexing with a 1 dB bandwidth of 100 nm and crosstalk lower than -42 dB in 
a 200 nm bandwidth for both fundamental and first-order modes. 
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INTRODUCTION 

Silicon photonic devices are becoming a cornerstone of modern communication systems. The possibility to integrate 
multiple components on a single chip allows a significant reduction in the size, energy consumption and cost of 
optical modules and interconnects [1]. Among the different material platforms, silicon-on-insulator provides a high 
refractive index contrast and compatibility with complementary metal-oxide-semiconductor (CMOS) processes, 
resulting in cost-effective mass production [2]. Optical interconnects based on SOI have attracted much attention 
as a solution to address the ever-increasing demand for broader bandwidth and higher data rates of new services. 
Different advanced multiplexing technologies have been employed to scale the transmission capacity, such as 
wavelength-, polarization- and time-division multiplexing [3-5]. Recently, mode-division multiplexing (MDM) has 
been proposed to further increase aggregate bandwidth and data rates by transmitting information encoded in 
different spatial modes at the same wavelength and polarization [6]. 

The mode multiplexer/demultiplexer (MUX/DEMUX) is the fundamental device at the core of any MDM system. Its 
main function is to convert fundamental modes into higher-order modes and combine them into a single multimode 
waveguide (MUX operation), or vice versa (DEMUX operation). Several SOI device configurations have been 
reported for MDM, including asymmetric Y-junctions [7], tapered or adiabatic couplers [8], asymmetric directional 
couplers [9], ring resonators [10], multimode interference (MMI) couplers [11] and topology-optimized devices [12]. 
However, in all these photonic devices light is guided within a spatially bounded structure, restricting both the 
region and the field distribution with which light propagates (i.e., propagation of light wave is limited to a set of 
modes confined to a waveguide). Radiation of electromagnetic fields within a chip offers interesting opportunities 
to overcome the stringent design rules and limited on-chip reconfigurability of fixed layout-guided interconnects, 
opening new venues for on-chip wireless optical communications [13,14]. Contrary to diffractive gratings, of which 
a considerable number have been demonstrated for out-of-plane light coupling [15], only a few works have 
addressed radiation from a channel waveguide into an adjacent slab [14,16]. Still, these devices are intended for 
wavelength-division multiplexing as they rely on frequency-scanning focus of the beam within the slab. 

In this work, we expand on this concept and propose a silicon photonic mode demultiplexer based on in-slab beam 
forming. Optical tunneling effect is exploited in order to couple the fundamental and firs-order transverse-electric 
(TE) modes from a waveguide to and adjacent slab. The slab acts as a free-space-like propagation region where the 
different beams are vertically confined and focused on a specific position. Our simulation results show coupling 
efficiencies of 97%, and 83%, as well as 1 dB bandwidths of 124 nm and 107 nm, for TE0 and TE1 mode 
demultiplexing, respectively. 

RESULTS 

Figure 1 illustrates the geometry and operation principle of the proposed device, which comprises a tapered 
waveguide that is placed in close proximity to a slab. The light propagates through the input multimode waveguide 
(width 𝑊𝐼) in the form of fundamental and first-order TE modes. As the light propagates along the taper (length 
𝐿𝑇), it progressively couples to the adjacent slab via optical tunneling effect [14]. The angle at which the vertically 
confined beam propagates within the slab, defined with respect to the 𝑦 axis, is given by: 
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where 𝑛𝑒𝑓𝑓,𝑊
𝑖  is the effective index of the 𝑖-th order mode in the waveguide and 𝑛𝑒𝑓𝑓,𝑆 is the effective index of the 

slab. The separation between waveguide and slab allows to tailor the leakage rate and thus the field profile of the 
in-slab beam. The DEMUX is designed for SOI with 220-nm-thick silicon, a 3-µm-thick buried oxide (BOX) layer and 
a 2-µm-thick polymethyl methacrylate (PMMA) upper cladding. The input waveguide has a width of 𝑊𝐼 = 710 nm 
to support both fundamental and first-order TE modes within the design wavelength range, i.e., 1450 – 1650 nm. 
The separation between input waveguide and slab varies from 𝐺𝐼 = 340 nm to 𝐺𝐸 = 40 nm to achieve a near-
Gaussian field profile. Finally, the width of the input waveguide is reduced from 𝑊𝐼 = 710 nm to 𝑊𝐸 = 250 nm along 
the 20 µm long taper to ensure that all the optical power is radiated from the input waveguide into the slab. 

 

Fig. 1. (a) Schematic representation of the free-space mode multiplexer and its geometrical design parameters. (b) Illustration 
of the operation principle working as demultiplexer: electric field magnitude (normalized to the maximum) in the XY plane in 
the middle of the Si layer at 1550 nm. The fundamental and first-order transverse-electric modes that propagate through the 
input waveguide are coupled into the slab producing two in-slab beams that are focused on different points (i.e., FP0 and FP1). 

 

The mode DEMUX was simulated with a three-dimensional finite-difference time-domain (3D FDTD) solver. Figure 
1b shows an illustration of the electric field magnitude in the middle of the silicon layer at the center wavelength 
(i.e., 𝜆0 = 1550 nm). It is observed that the TE1 mode is radiated along the first half of the taper, while the TE0 mode 
is radiated towards the end. In this case, the lower modal confinement of TE1 compared to TE0 results in a greater 
evanescent interaction with the slab and, therefore, in a stronger radiation strength at the beginning of the taper. 
When TE0 is injected through the input waveguide, the in-slab beam focus on point FP0 with an angle of 48°. 
Conversely, when TE1 is injected, the beam focus on FP1 with an angle of 36°. 

The figure of merit used to evaluate the performance of the device is the coupling efficiency (CE), which is defined 

similarly to the coupling efficiency employed in fiber-chip grating couplers: CE = (1 − 𝜌𝑅) · 𝜂𝑈 · 𝜂𝑂𝐿, where 𝜌𝑅 is the 

reflection coefficient, 𝜂𝑈 is the ratio between the power injected in the input waveguide and the power radiated 
into the slab, and 𝜂𝑂𝐿 is the overlap integral between the radiated field and a Gaussian-like mode field. For TE0 mode 
demultiplexing, a high overlap of 98.7% is achieved between the radiated field and a Gaussian field with 𝜎 = 4.7 µm 
at FP0. On the other hand, for TE1 mode demultiplexing, the overlap is 92.7% between the radiated field and a 
Gaussian field with 𝜎 = 5.9 µm at FP1. 

 

Fig. 2. Calculated coupling efficiency as a function of the wavelength for the mode demultiplexer when (a) TE0 and (b) TE1 
modes are injected through the input waveguide. Blue curves correspond to the coupling efficiency at desired positions, while 

orange curves correspond to the coupling efficiency at undesired positions. 
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The performance of our proposed device is shown in Fig. 2. Blue curves indicate the CE at desired positions, i.e., 
calculated at FP0 and FP1 for TE0 and TE1 mode demultiplexing, respectively. In this case, the mode DEMUX yields 
efficiencies of 97.1% (-0.13 dB) and 82.8% (-0.82 dB) at 1550 nm when TE0 and TE1 modes are injected through the 
input waveguide, respectively. Notably, the device exhibits broad 1 dB bandwidths of 124 nm for TE0 and 107 nm 
for TE1. Orange curves, on the contrary, indicate the CE at undesired positions. The CE at FP1 is as low as -66 dB 
when the TE0 mode is injected through the input waveguide and below -47 dB at FP0 when the TE1 mode is injected, 
both within the entire simulated wavelength range. The crosstalk is, therefore, below -42 dB for both modes in the 
entire 200 nm simulated bandwidth. 

DISCUSSION 

In this work, we propose a novel two-mode multiplexer that leverages optical tunneling between a tapered 
waveguide and an adjacent slab. The device was designed for the silicon-on-insulator platform considering a 
standard silicon thickness of 220 nm and a PMMA cladding. First-order and fundamental TE modes injected through 
the input waveguide are radiated sequentially from the taper into the slab due to their different evanescent field 
interaction. Full 3D FDTD simulations show efficiencies of 97.1%, and 82.8% for TE0 and TE1 mode demultiplexing, 
respectively, at 1550 nm. In addition, a remarkable 1 dB bandwidth of 124 nm is achieved for TE0, while the 1 dB 
bandwidth for TE1 is 107 nm. The proposed device also exhibits a high isolation between the beams in the slab, with 
values lower than -47 dB for both modes within the 1450 – 1650 nm wavelength range. We believe that these 
results open promising prospects for emerging applications such as on-chip wireless optical communications. 
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