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Spot-size converters are key for efficient coupling of
light between waveguides of different sizes. While adi-
abatic tapers are well suited for small size differences,
they become impractically long for expansion factors
around ×100 which are often required when coupling
integrated waveguides and free-space beams. Evanes-
cent couplers and bragg deflectors can be used in this
scenario, but their operation is inherently limited in
bandwidth. Here we propose a solution based on a
parabolic dielectric interface that couples light from a
0.5µm-wide waveguide to a 285µm-wide waveguide,
i.e. an expansion factor of ×570. We experimentally
demonstrate an unprecedented bandwidth of more than
380 nm with insertion losses below 0.35 dB. We further-
more provide analytical expressions for the design of
such parabolic spot-size-converters for arbitrary expan-
sion factors.
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Silicon photonics is a burgeoning technology for optical com-4

munications due to its compatibility with complementary metal-5

oxide-semiconductor (CMOS) processes, which enables the inte-6

gration of photonic circuits and microelectronics [1–3]. Spot-size7

converters (SSC) are key components in such photonic systems8

as they enable efficient coupling between waveguides of differ-9

ent sizes. In particular, SSCs are often used to feed gratings that10

couple light to fibers [4], or project it into free-space [5–8]. The11

latter requieres spot-size expansions to hundreds of micrometers12

to achieve beams with Rayleigh ranges of the order of centime-13

ters [7]. This is achieved by first using a SSC to expand light14

on-chip in the lateral direction from a single-mode waveguide15

to the desired width (typically exceeding 100 µm). The result-16

ing expanded mode then feeds a weak grating that gradually17

couples the light into free-space, thereby providing the desired18

longitudinal expansion [5]. In this scenario traditional adiabatic19

tapering cannot provide the required spot size conversion within20

reasonable footprints and therefore other solutions are preferred21

in the literature.22

Silicon-nitride (SiN) platforms have leveraged evanescent23

couplers to feed very large gratings [5–7, 9]. However, in these24

SSCs the propagating angle of the expanded modes varies with25

wavelength. This is due to variations in the effective index of the26

mode traveling through evanescently coupled waveguide and27

leads to oblique incidence on the grating which causes spurious28

changes in its radiation angle [5]. In the Silicon-on-insulator29

(SOI) SSC designs based on Bragg deflectors [10–12] have been30

presented. However, due to their resonant nature these SSCs are31

also strongly wavelength dependent. Integrated lenses could32

potentially overcome these bandwidth limitations, but so far33

designs have been limited to MFD below 40 µm [13, 14].34

An interesting approach based on parabolic dielectric reflec-35

tors in SOI was presented in [15]. Based on total internal reflec-36

tion, an expansion from a single mode waveguide to a MFD of37

7 µm was demonstarted, with losses below 0.25 dB in a band-38

width of 100 nm. Here, we show, for the first time, how this39

approach can be exploited for extreme SSCs, as illustrated in40

Fig. 1. We derive analytical expressions to i) minimize power41

loss due to imperfect total internal reflection , and (ii) minimize42

the area of the device. Using this approach we demonstrate43

coupling from a the fundamental TE mode of a 0.5 µm wide44

waveguide to the fundamental mode of a 285 µm wide waveg-45

uide, with measured losses below 0.35 dB across a bandwidth46

exceeding 380 nm, limited by the measurement setup. In terms47

of the bandwidth × expansion figure of merit, this is an 98-fold48

improvement with respect to the state-of-the-art.49

The geometry of the SSC is depicted in Fig. 1(a) and (b),50

expanding the fundamental TE mode from a Win = 0.5 µm wide51

photonic wire with a thickness of 220 nm to an ouput waveguide52

with a width of Wout. Both the top and bottom claddings are53

silicon dioxide, with a refractive index nc = 1.44 at λ0 = 1.55µm.54

Its operation is analogous to an offset parabolic antenna, with55

the dielectric interface acting as reflector with a focal length F.56

The parabolic interface follows the equation [15]57

y =
x2

4F
. (1)

The input waveguide at port P1 is adiabatically tapered over a58

length Lt to a width Wap, as shown in Fig. 1b. Light then travels59

through a free propagation region, experiencing diffraction with60

a divergence angle θdiv, until it reflects at the parabolic interface61

and eventually reaches the output port with width Wout.62
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Fig. 1. Device geometry in (a) 3D and (b) 2D. Light diffracts
from the aperture of width Wap and then impinges the
parabolic interface to create a light beam that travels towards
the output waveguide.

The aperture size Wap governs the divergence angle as63

θdiv =
2.35λ0

Wapnslab
, (2)

where λ0 represents the vacuum wavelength and nslab denotes64

the effective index of the free space region (nslab = 2.85 for TE65

polarization at λ0 = 1.55 µm). Our definition of the divergence66

angle corresponds to ×1.3 its classical value [16], thereby en-67

capsulating more than 95% of the transmitted power within the68

resultant light cone, depicted in Fig. 1b with its extreme rays69

in blue. This is crucial to ensure low-loss operation. The focal70

length F is then given by [15]71

F =
Wout

4 tan (θdiv/2)
. (3)

The extreme rays in blue in Fig. 1b impinge on the parabolic72

interface at points [xa, ya] and [xb, yb] with coordinates [15]73

xa,b = 2F

[
∓ tan

(
θdiv

2

)
+

√
tan2

(
θdiv

2

)
+ 1

]
, (4)

and ya,b given by eq. (1).74

To minimize device the area, we need to maximize the di-75

vergence angle or, equivalently, from eq. (2), minimize Wap.76

However, Wap should not be too small since we must meet total77

internal reflection (TIR) at the parabolic interface for all the rays78

coming from the aperture, i.e. θin ≥ arcsin(nc/nslab) [17]. The79

most restrictive ray is the one that impinges the parabolic inter-80

face at [xa, ya] since it does so with the smallest angle θmin
in . We81

refer to it as critical ray in Fig. 1b. From the rectangular triangle82

conformed by the points [xa, ya], [0, F] and [xa, F] and depicted83

in Fig 1b, we arrive at the following expression for θmin
in :84

θmin
in = π/4 − θdiv/4. (5)

Since the angle θmin
in must meet the TIR condition [17], we find85

that86

π/4 − θdiv/4 > arcsin
(

nc

nslab

)
, (6)

which requires that arcsin (nc/nslab) < π/4 since θdiv > 0,87

i.e. nc/nslab < 1/
√

2 ≈ 0.71. For TE polarization88

nc/nslab = 1.44/2.85 ≈ 0.51, so this condition is always fulfilled.89

Substituting the divergence angle θdiv from (2) into (6) we find:90

Wap >
2.35λ0

nslab (π − 4 arcsin (nc/nslab))
. (7)

From Eq. (7), we find that for the standard SOI platform with91

a silicon thickness of 220 nm and silica in the top and bottom-92

cladding (nc = 1.444), we have nslab = 2.85 for TE polarization93

at λ0 = 1.55 µm, which yields Wap > 1.3 µm . Moreover, it is94

clear that the device cannot work for TM polarization with a95

silicon thickness of 220 nm, since in this case nslab = 2.05, which96

results in Wap > 126 µm to meet the TIR condition.97

Our design methodology relies on first choosing the aperture98

size Wap to minimize the area of the device, employing the TIR99

condition proposed in eq. (7) with a small margin of 0.2 µm,100

i.e. Wap = 1.5 µm. Note that even using a slightly larger aper-101

ture Wap = 2 µm would already result in 30 % larger device102

footprint. The footprint can be further reduced by 8% when103

selecting Wap = 1.3 µm, although this comes with a 0.4 dB in-104

crease in insertion losses (IL) in the proposed design. In this105

work, insertion losses are defined as IL[dB] = −10 log10(P2/P1),106

with P2 the power in the fundamental TE mode of the output107

port , and P1 the power of the fundamental TE mode launched108

into the input port.109

Subsequently, we set the focal length F using equations (2)110

and (3). With these dimensions, aided by Fig. 1b, the parabolic111

reflector is defined when selecting L = 1.2yb, with yb the ordinal112

coordinate of the upper extreme point in the parabolic interface113

represented in Fig. 1b, with coordinates [xb, yb] given by eq. (1)114

and eq. (4). The factor 1.2 leaves a small margin of 20% on top of115

the light cone. The rest of additional equations for delineating116

the zones where there is no field are given by117

Lcb = 0.8xa, (8)
118

Lct =
√

1.2Fyb −
√

Fyb, (9)
119

Lcv = 1.2yb − 2F − (0.8xa)2

4F
, (10)

where the factors 0.8 and 1.2 give margins of ±20% around the120

light cone. When removing those margins we degrade insertion121

losses in 0.1 dB.122

Notably, this design process is entirely analytical. In123

the proposed design, we have optimized the output waveg-124

uide center by shifting it +3 µm from the analytical position125

xout = 2F = 315 µm, which yields a 0.2 dB improvement of the126

insertion losses.127
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Fig. 2. 2.5-FDTD simulation of the field in the extreme SSC.
(a) Propagation of the field and (b) Amplitude of the field at
y = yout. In dashed lines we represent the amplitude of the
mode of the output waveguide.

We confirm the analytical design procedure by designing128

a parabolic SSC with Wout = 285 µm, which corresponds to129

an expansion factor Wout/Win of ×570, and whose dimensions130

are given in Table 1. We perform simulations with Lumerical’s131

2.5-dimensional finite-difference time-domain (FDTD) method.132

Upon inspection of the device propagation of field in Fig. 2a,133

we confirm that the removed corners exhibit a field drop below134

−35 dB (dark blue). We also present the magnitude of the field135

at y = yout in Fig. 2b, which yields IL = 0.3 dB at λ0 = 1.55 µm.136

These results are obtained for an FDTD step size of 10 nm and137

the time step given by the Courant formula. This fine mesh is138

required to avoid errors in the dispersion relation that affect the139

phase of the lightwave [18]. Indeed, the convergence analysis140

shown in Fig. 3 reveals that larger mesh-sizes fail to accurately141

describe the ultra-low losses of the device. Decreasing the step142

size below 10 nm might be desirable but is limited by practical143

tradeoffs of memory requirements and simulation time.144

The extreme SSC with the dimensions specified in Table 1145

was fabricated with Applied Nantool’s single etch process, for146

220 nm SOI, with a 2µm thick buried oxide layer [19]. A 100 keV147

electron beam was employed to pattern the resist, and the struc-148

tures were transferred into the silicon layer through reactive149

ion etching. A 2.2µm-thick oxide layer was then deposited on150
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Fig. 3. Insertion loss for different mesh sizes ∆x = ∆y = ∆ for
the extreme SSC as a function of wavelength, where measure-
ment is given in orange solid line.

Table 1. Design values for the extreme parabolic SSCa

Win Lt Wap Wout F L xout Lcb Lct Lcv

0.5 10 1.5 285 157.5 455 318 203 23 74.6
aAll values are in micrometers.

top using chemical vapor deposition. SEM micrographs of the151

device are presented in Fig. 4a before deposition of the upper152

cladding. The chip incorporates several flavours of the device153

with varying positions of the input waveguide (varying F in Fig.154

1b) in ±100nm and ±200nm, to compensate possible fabricating155

errors in the parabolic interface.156

For testing, pairs of identical SSCs were connected back-to-157

back as shown schematically in the inset of Fig. 4b, so that inser-158

tion losses can be determined with a simple fibre-to-fibre mea-159

surement. To cover the 1.26 µm to 1.64 µm wavelength range,160

light from three tunable lasers (Agilent 81600B series, options161

072 and 160, and Santec TSL-770-P-480640-P-F-AP-00-1) is cou-162

pled into the chip from a polarization-maintaining fibre though163

a subwavelength edge coupler [20]. The fiber is positioned on a164

rotational stage and combined with a Glan–Thompson polarizer165

at the output, enabling us to control the polarization coupled166

into the chip. At the chip’s output, light is focused onto a pho-167

todetector (Newport 818-IR) using a microscope objective lens.168

The transmission spectrum is recorded by varying the tunable169

laser’s wavelength while monitoring the output power.170

Measurements of the insertion losses of a single SSC are given171

in Fig. 4b. They are obtained by measuring the transmission172

spectrum of two identical SSCs in the back-to-back configuration173

shown in the inset of Fig. 4b, normalizing to a reference waveg-174

uide to cancel out fiber-to-chip coupling losses, and dividing the175

resulting spectrum, expressed in dB, by two. Our measurements176

demonstrate that IL < 0.35 dB from 1.26 to 1.64 µm. Our device177

exhibits an increase of ×26 in expansion and ×3.8 in bandwidth178

compared to previous parabolic reflectors [15]. A detailed com-179

parison of our design with other existing wide-band devices in180

the literature is provided in Table 2, where the figure of merit181

(FoM) is given by the product of the 1-dB bandwidth in µm182

and the magnification. This comparison highlights that our ex-183

treme SSC is state-of-the-art and presents an excellent solution184

for creating SSCs with very large expansion ratios.185

In conclusion, we have demonstrated that parabolic dielectric186
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Fig. 4. Fabricated extreme parabolic SSC. (a) SEM of the device
with details and (b) Measured insertion losses of a single SSC.
Insertion losses are measured with the transmission spectrum
of the back-to-back configuration shown in the inset.

interfaces are a good solution when large spot-size conversions187

are required. Specifically, we have tackled the conversion of188

the fundamental TE mode from a 0.5 µm SOI waveguide to a189

waveguide with width up to 285 µm, or equivalently a mode190

with a MFD up to 200 µm, i.e. SSC with a magnification factor up191

to ×570. Key to our result is the TIR condition in Eq. (7), which192

provides a straightforward way to achieve ultra-low losses, be-193

low 0.35 dB over an inherently broad bandwith (380 nm). The194

proposed design can be entirely analytical, when fixing the out-195

put waveguide center xout = 2F, with no significant cost in196

terms of IL. This may be of interest to design a Process Design197

Kit (PDK). This design represents a promising advancement198

towards efficient spot-size conversion for different integrated199

photonic applications, irrespective of the working wavelength.200
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silicon photonics as a flexible technology platform,” Proc. IEEE 106,247

2101–2116 (2018).248

3. L. Rinaldi, F. Camponeschi, and A. Bogoni, “Space-grade analogue249

and digital photonics for satellite communications in europe,” J. Light.250

Technol. (2023).251

4. R. Halir, P. Cheben, S. Janz, et al., “Waveguide grating coupler with252

subwavelength microstructures,” Opt. letters 34, 1408–1410 (2009).253

5. S. Kim, D. A. Westly, B. J. Roxworthy, et al., “Photonic waveguide to254

free-space gaussian beam extreme mode converter,” Light. Sci. & Appl.255

7, 72 (2018).256

6. A. Yulaev, W. Zhu, C. Zhang, et al., “Metasurface-integrated photonic257

platform for versatile free-space beam projection with polarization con-258

trol,” ACS photonics 6, 2902–2909 (2019).259

7. A. Yulaev, D. A. Westly, and V. A. Aksyuk, “Surface-normal free-space260

beam projection via slow-light standing-wave resonance photonic grat-261

ings,” ACS photonics 10, 945–952 (2022).262

8. X. Ding, Z. Wang, G. Hu, et al., “Metasurface holographic image263

projection based on mathematical properties of Fourier transform,”264

PhotoniX 1, 1–12 (2020).265

9. C. Ropp, W. Zhu, A. Yulaev, et al., “Integrating planar photonics for266

multi-beam generation and atomic clock packaging on chip,” Light. Sci.267

& Appl. 12, 83 (2023).268

10. A. Hadij-ElHouati, P. Cheben, A. Ortega-Moñux, et al., “Distributed269

bragg deflector coupler for on-chip shaping of optical beams,” Opt.270

Express 27, 33180–33193 (2019).271

11. A. Hadij-ElHouati, P. Cheben, A. Ortega-Moñux, et al., “High-efficiency272

conversion from waveguide mode to an on-chip beam using a metama-273

terial engineered bragg deflector,” Opt. Lett. 46, 2409–2412 (2021).274

12. P. Ginel-Moreno, A. Hadij-ElHouati, A. Sánchez-Postigo, et al., “On-275

chip metamaterial antenna array with distributed bragg deflector for276

generation of collimated steerable beams,” Laser & Photonics Rev. 16,277

2200164 (2022).278

13. J. M. Luque-González, R. Halir, J. G. Wangüemert-Pérez, et al., “An ul-279

tracompact GRIN-lens-based spot size converter using subwavelength280

grating metamaterials,” Laser & Photonics Rev. 13, 1900172 (2019).281

14. Y. Zhang, Y. He, H. Wang, et al., “Ultra-broadband mode size converter282

using on-chip metamaterial-based luneburg lens,” ACS Photonics 8,283

202–208 (2020).284

15. H. Xu, Y. Qin, G. Hu, and H. K. Tsang, “Compact integrated mode-size285

converter using a broadband ultralow-loss parabolic-mirror collimator,”286

Opt. Lett. 48, 327–330 (2023).287

16. B. E. Saleh and M. C. Teich, Fundamentals of photonics (John Wiley &288

Sons, 2019).289

17. S. J. Orfanidis, Electromagnetic waves and antennas (Chapter 7, Rut-290

gers University New Brunswick, NJ, 2002).291

18. A. Taflove, S. C. Hagness, and M. Piket-May, “Computational electro-292

magnetics: the finite-difference time-domain method,” The Electr. Eng.293

Handb. 3, 15 (2005).294

19. Applied Nanotools Inc., “Applied Nanotools NanoSOI Fabrication Ser-295

vice,” .296

20. P. Cheben, J. H. Schmid, S. Wang, et al., “Broadband polarization297

independent nanophotonic coupler for silicon waveguides with ultra-298

high efficiency,” Opt. express 23, 22553–22563 (2015).299


