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Abstract—We propose and experimentally demonstrate a 

broadband, polarization-diverse compact bending design for low-

index-contrast waveguides, where light is re-directed via total 

internal reflection (TIR) on an air-trench quadratic (elliptical or 

parabolic) reflector surface. Compared to prior work based on flat 

TIR mirrors, the quadratic reflector design contributes to 

minimized mode leakage and reduced optical losses, enabling 

high-density, scalable photonic architectures at the chip and board 

levels. Moreover, we develop a self-aligned fabrication process 

where the reflector and the waveguide segments are defined in a 

single lithography step, thereby circumventing the alignment 

sensitivity issue common to traditional air trench structures. Our 

simulations predict bending losses down to < 0.14 dB per 90° and 

180° bend at 850 nm wavelength, and we experimentally measure 

broadband losses of ~ 0.3 dB per 90° and 180° bend for both TE 

and TM polarizations in structures fabricated using standard UV 

lithography. 

 
Index Terms—integrated photonics, waveguide, polymer 

waveguide, waveguide bend, free-form reflector. 

 

I. INTRODUCTION 

OW- Low-index-contrast (LIC) waveguides, such as those 

made in polymers, glasses, and silicon oxynitride have 

found widespread applications in optical interconnects[1]–[7], 

3-D light routing[8], [9], photonic packaging[10], [11], 

sensing[12]–[14], and quantum optics[15], [16]. Compared to 

their high-index-contrast (HIC) counterparts, LIC waveguides 

are uniquely advantageous given their dramatically diminished 

sensitivity to optical scattering losses resulting from surface and 

sidewall roughness[17]–[19]. Mechanical flexibility and 

manufacturing scalability (e.g. roll-to-roll fabrication 

compatibility) are among other advantages often cited for these 

material systems[20]–[23]. In addition, their large mode field 

diameter also facilitates low-loss, misalignment-tolerant 

coupling with optical fibers and other optical medium, 

facilitating photonic integration and packaging. The large mode 

size in LIC waveguides, on the other hand, becomes 

problematic for compact photonic circuits. In particular, LIC 

waveguides often demand large bending radii to suppress 
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bending losses[24], which increases footprint and severely 

compromises their potential for high-density photonic 

integration and routing flexibility. The same design trade-off is 

also encountered in shallow rib/ridge structures, another 

important class of waveguides offering low propagation losses 

largely immune from sidewall roughness scattering[25]–[27]. 

Air trench structures have been introduced as an effective 

method to reduce bending loss and radius in LIC waveguides. 

Two types of air trench designs have been implemented. In the 

first case, air trenches, where waveguide cladding material is 

removed and replaced with air, act to boost the refractive index 

contrast between the waveguide core and clad at the bend 

sections, thereby decreasing the radiative bending loss. The 

strategy has been successfully applied to waveguides made in 

polymers[28]–[30], silica glass[31] and oxynitride[32]. Similar 

concepts have also been adapted to shallow rib waveguides[33], 

[34] and laser-written glass waveguides[35]. The approach 

effectively lowers bending loss although relatively large 

bending radii (1 mm or more) are still needed for low loss (< 1 

dB per 90° bend) operation in low-index material systems[28], 

[29]. An alternative design leverages air trenches (or trenches 

filled with other low-index materials) to create planar total 

internal reflection (TIR) mirrors to re-direct propagating light 

in waveguides[36]–[41]. Impressive low losses down to 0.124 

dB (TE polarization) and 0.166 dB (TM polarization) per 45° 

bend have been demonstrated in LIC polymer waveguides 

using this approach[37]. Bends using a single planar mirror 

however suffers from increased loss due to incomplete TIR for 

the high spatial frequency components of the waveguide mode 

at bending angles larger than 60°[38], [42]. Moreover, the air 

trench reflector must be precisely aligned to the waveguides to 

avoid excess loss. In[37], an electron beam lithography (EBL) 

tool with an alignment accuracy of < 40 nm was employed to 

fulfil this requirement. In comparison, significantly higher 

losses of 0.33 dB (TE polarization) and 0.30 dB (TM 

polarization) were measured for identical 45° bend structures 

fabricated using standard UV lithography[36]. Since UV 

lithography has been the prevalent technique for LIC 

waveguide fabrication given their relatively large feature size, 
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it is imperative to identify a new design and/or fabrication 

scheme with relaxed alignment accuracy requirement and 

improved performance. 

Compared to planar TIR mirrors, quadratic (elliptical or 

parabolic) reflectors offer more degrees of freedom to avoid 

incomplete reflection and contribute to further reduced loss and 

back reflection[43]–[45]. A parabolic reflector design has been 

exploited as a means to realize compact ring laser cavities in 

III-V materials[46], [47]. The superior low-loss performance of 

curved TIR mirrors over planar reflectors was also validated in 

III-V semiconductor waveguides, where 90° waveguide bends 

incorporating curved reflecting facets showed 0.57 dB loss per 

bend, compared to 0.64 dB per bend measured in bends with 

flat facets[48]. 

In this paper, we applied, for the first time, the quadratic 

reflector concept to LIC polymer waveguides and 

experimentally demonstrated ultra-compact, broadband low-

loss, and polarization-diverse waveguide bends with bending 

angles up to 180°. We also devised a self-aligned fabrication 

process for the air-trench quadratic reflector structure, enabling 

device fabrication solely based on standard UV lithography. 

The design and fabrication approach we present herein is 

generic and can potentially be transferred to other LIC 

waveguide systems to realize compact, high-performance 

waveguide bend structures as well. 

II. QUADRATIC REFLECTOR DESIGN AND MODELING 

 
Fig. 1. Schematic top-view of (a) a 90° and (b) a 180° bend structure. 

 

Figure 1a schematically illustrates a 90° waveguide bend 

layout incorporating an air-trench quadratic reflector. The 

waveguide core first transitions into a slab region, allowing the 

waveguide mode to expand in-plane in the form of a 2-D 

diverging beam. The waveguide and the slab region are both 

encapsulated in a cladding layer, and thus scattering loss at the 

waveguide-slab junction is negligible. The expanding beam is 

then total internal reflected at the slab-air interface and 

refocused by the reflector, transforming into a 2-D converging 

beam. The 2-D beam is designed to naturally match the 

numerical aperture (NA) and mode profile of the waveguide 

due to symmetry of the structure, enabling efficient coupling 

into the other waveguide along the orthogonal direction. In this 

embodiment, the reflector assumes an elliptical shape. Output 

from a LIC waveguide can be well approximated as light 

emitted from a point source. Therefore, by placing the effective 

“point sources” pertaining to the two waveguides at focal points 

and adjusting eccentricity of the elliptical reflector, the reflector 

can in principle optically connect two waveguides intersecting 

at arbitrary bending angles with low loss.  

We further note that positions of the effective sources (aka 

the foci of the elliptical reflector) do not coincide with the 

waveguide facets. The offset distance between the effective 

point source and the waveguide facet depends on the index 

contrast and dimensions of the waveguide. In addition, the 

elliptical reflector in our design is slightly shifted along the 

surface normal direction to compensate for the phase shift 

caused by the Goos-Hanchen effect upon TIR[36], [38]. In 

practice, the optimized position of the reflector can be obtained 

by parameter-sweep full-wave simulations using the geometric 

optics design as a starting heuristic. 

While the elliptical reflector design minimizes mode leakage, 

it creates an asymmetric light intensity distribution in the 

reflected beam which ultimately bounds the coupling 

efficiency[43], [44]. This limitation can be circumvented by 

cascading two quadratic reflectors such that the second reflector 

again mirrors the intensity profile and hence compensates for 

the asymmetry. In Fig. 1b, a 180° bend structure containing two 

cascaded parabolic reflectors is illustrated. In this design, the 

first parabolic reflector transforms the 2-D diverging beam 

from the waveguide into an in-plane collimated beam, and the 

second reflector converts the collimated beam into a converging 

beam precisely matching the waveguide mode. Free-form 

reflectors based on the aforementioned design principles can be 

utilized to further optimize the mode-matching and redirecting 

conditions, allowing high-performance arbitrary waveguide 

bending/routing.  

We modeled coupling efficiencies of the elliptical and 

parabolic reflectors using 3-D full-wave finite-difference time-

domain (FDTD) simulations (Lumerical FDTD Solutions). In 

the simulations, the waveguide core and cladding refractive 

indices are chosen to be 1.543 and 1.525, respectively, to match 

our experimental conditions. The waveguide core has a square 

cross-section with 2.3 μm width/height to ensure single-mode 

operation near 850 nm wavelength. Using the traditional 

waveguide bending design, the LIC waveguide requires a 

bending radius of 0.8 mm or larger to obtain a bending loss of 

< 0.3 dB[7]. In contrast, the quadratic reflector designs exhibit 

broadband high optical efficiencies with radically reduced 

footprints as shown in Fig. 2. The peak coupling efficiencies are 

97.4% (0.116 dB bending loss, TE polarization) and 96.9% 

(0.135 dB bending loss, TM polarization) for the 90° bend, and 

97.7% (0.099 dB bending loss, TE polarization) and 94.7% 

(0.235 dB bending loss, TM polarization) for the 180° bend. We 

note that the bending losses of the 180° bend is considerably 

less than twice of the 90° bend losses, which we attribute to the 

reduced beam intensity asymmetry after two consecutive 

reflections. As a comparison, we also modeled the performance 

of air-trench bends using flat TIR mirrors with a configuration 

similar to that in[37]. For waveguides with identical sizes and 

core/cladding indices, the losses of 90° bends based on flat 

reflectors optimized at 850 nm wavelength are 0.58 dB and 0.32 

dB for TE and TM polarizations, respectively. The significantly 

higher losses are largely ascribed to incomplete TIR at large 

bending angles, translating to limited bending capability and 
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compactness. Decreasing the bending angle to 45° reduces the 

losses per bend to 0.08 dB (TE polarization) and 0.09 dB (TM 

polarization), which however is still considerably larger than 

those of the quadratic reflectors for the same total bending angle 

due to the inevitable leaking of high spatial frequencies 

component associated with reflection on flat mirrors. 

 

 
Fig. 2. (a, b) 3-D FDTD simulations showing light intensity distributions across 

the center plane of the (a) 90° bend and (b) 180° bend for TE polarization; (c) 

wavelength and polarization dependent loss of the 90° and 180° bends. (d) 
fabrication tolerance of TE mode at 850 nm wavelength. (e)  

 

Fabrication tolerance of the quadratic reflectors was 

investigated by modeling the bending loss change with varying 

reflector size. The result shown in Fig. 2d suggests that 0.3-dB 

tolerance for the 90° and 180° bends is 400 nm and 250 nm, 

respectively. The large tolerance is well within reach of 

standard UV lithography. 

It is also interesting to examine whether the quadratic design 

corresponds to an optimized reflector shape. We therefore 

designed generic curved reflectors for 90° bend using the 

genetic algorithm by parameterizing the curve with a 

polynomial up to the fifth order. The size-dependent bending 

loss is shown in Fig. 2e for both the elliptical reflector and the 

optimized polynomial curve reflector. Here the x-axis gives the 

distance between the waveguide facet and the reflector as a 

measure of the reflector size. The bending loss decreases with 

increasing reflector size and plateaus at about 20 µm. In all 

cases except the smallest size, the two designs yield almost 

identical bending losses. This result demonstrates that the 

quadratic reflector design, herein derived from a simple ray 

optics argument, indeed offers a geometrically optimal solution 

to compact, low-loss waveguide bends. 

III. DEVICE FABRICATION 

 

 
Fig. 3. (a-c) Tilted-view schematics of the fabrication process: (a) after 

waveguide/reflector patterning; (b) after patterning of the sacrificial block; and 

(c) final structure; (d-f) top-view optical microscope images of the device 

corresponding to steps in (a-c); (g) SEM image of a 180° bend structure; (h) 

top-view SEM image showing the test structures used to quantify the bending 

losses. The images in (g) and (h) were both taken before fabrication of the 
sacrificial block. 

 

In a traditional fabrication process involving air trenches, the 

waveguides are first defined followed by air trench etching, 

which necessitates precise alignment between the waveguides 

and air trenches. Here we demonstrate a self-aligned fabrication 

approach to circumvent the challenge. The basic processing 

steps are depicted in Fig. 3a-3c with corresponding device 

images shown in Figs. 3d-3f. The process starts with sequential 

coating of the bottom cladding (OrmoClad, refractive index n = 

1.523 at 850 nm wavelength), core (OrmoCore, n = 1.543 at 850 

nm), and top cladding (OrmoClad) layers following our 

previously established protocols[7]. A metal hard mask (Cr/Cu, 

5/200 nm) was subsequently patterned using a lift-off process, 

followed by inductively coupled plasma (ICP) reactive ion 

etching (PlasmaPro 100 Cobra, Oxford Instruments) through 

the entire stack to define both the reflector surface and the 

feeding waveguides. The etching recipe (O2/CF4: 20/30 sccm, 

ICP/DC power: 1500/75 W, pressure: 10 mTorr, substrate 

temperature: 20 °C, and etch rate: 0.5 ± 0.05 μm/min) was 

carefully optimized to obtain a vertical sidewall angle (90° ± 

0.5°). A resist layer (SPR220-7.0) was then spin coated and 

patterned to define a sacrificial block at the air trench location. 

Another OrmoClad film was coated to encapsulate the 

structure. Finally, a blanket shallow etch was performed to 
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expose the sacrificial block which was then removed by 

dissolution in a resist developer (CD-26) to open the air trench. 

A key feature of our process is that it does not involve precise 

alignment since the reflector surface and the waveguides are 

defined in the same patterning step. Benefiting from the relaxed 

alignment requirement, all patterning steps throughout the 

entire fabrication process were carried out on an i-line UV 

stepper (GCA AutoStep 200, specified resolution: 0.65 μm), 

fully compatible with standard high-throughput wafer-scale 

manufacturing. 

Losses of the 90° and 180° bends were quantified using 

structures shown in Fig. 3h, which encompass waveguides 

containing 4, 8, 12, and 16 identical bends. Transmission 

measurements through the waveguides were performed via 

fiber end-fire coupling. A superluminescent diode (SLD, 

QSDM-860-8B, QPhotonics LLC) with an emission spectrum 

presented in Fig. 4a inset was used as the light source. Light 

was coupled into/out of the devices through lensed fiber tapers 

(OZ Optics), with polarization manipulated by a manual paddle 

fiber polarization controller, and the output was monitored 

using an optical spectrum analyzer (AQ-6315A, Ando) and a 

calibrated power meter (818-IS-1, Newport Corporation). 

IV. BENDING LOSS CHARACTERIZATION RESULTS AND 

DISCUSSION 

 

 
Fig. 4. (a) Insertion loss measured over the entire SLD spectrum as a function 

of number of 90° bends on the test structures, yielding fitted losses of (0.31 ± 
0.02) dB and (0.30 ± 0.03) dB per bend for TE and TM polarizations, 

respectively; inset shows emission spectrum of the SLD source used in the 

measurement; (b) measured wavelength-dependent bending loss of the 90° 
bend. 

 

Losses of the 90° and 180° bends were quantified using 

structures shown in Fig. 3h, which encompass waveguides 

containing 4, 8, 12, and 16 identical bends. Transmission 

measurements through the waveguides were performed via 

fiber end-fire coupling. A superluminescent diode (SLD, 

QSDM-860-8B, QPhotonics LLC) with an emission spectrum 

presented in Fig. 4a inset was used as the light source. Light 

was coupled into/out of the devices through lensed fiber tapers 

(OZ Optics), with polarization manipulated by a manual paddle 

fiber polarization controller, and the output was monitored 

using an optical spectrum analyzer (AQ-6315A, Ando) and a 

calibrated power meter (818-IS-1, Newport Corporation). 

 

 
Fig. 5. (a) Insertion loss measured over the SLD spectrum as a function of 

number of 180° bends on the test structures, yielding fitted losses of (0.27 ± 

0.04) dB and (0.30 ± 0.05) dB per bend for TE and TM polarizations, 
respectively; (b) measured wavelength-dependent bending loss of the 180° 

bend. 

 

Figures 4 and 5 summarize the measurement results for the 

90° and 180° bends, respectively. The data was collected from 

more than 40 waveguides on multiple dies. The 90° bend 

exhibits losses of (0.31 ± 0.02) dB for the TE polarization and 

(0.30 ± 0.03) dB for the TM polarization, whereas the 180° bend 

exhibits losses of (0.27 ± 0.04) dB for the TE polarization and 

(0.30 ± 0.05) dB for the TM polarization, both of which are 

averaged over the entire SLD emission spectrum. Notably, the 

bending losses of the 180° bend further decrease to 0.20 and 

0.23 dB per bend at 830 nm wavelength, consistent with the 

simulation results in Fig. 2c. These losses can be further 

reduced through process optimization to correct for 

dimensional deviations caused by slight lateral etching during 

the reflector patterning process and eliminate roughness on the 

reflector surface. Despite the higher measured losses than our 

simulated values, our results are still among the lowest reported 

loss figures in compact LIC waveguide bends for equivalent 

total bending angles of 90° or 180° (Table 1). 

V. CONCLUSION 

In this paper, we designed and experimentally demonstrated 

a compact bend design based on air trench quadratic (elliptical 

or parabolic) reflectors in LIC polymer waveguides. The 

quadratic reflecting surface geometry yields minimal mode 
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leakage and accounts for high coupling efficiencies in the 

design. The design also affords broadband and polarization-

insensitive operation. We further proposed a new self-aligned 

fabrication method to eliminate the stringent alignment 

requirement mandated by prior air trench designs and validated 

its compatibility with standard wafer-scale UV lithographic 

fabrication. The device architecture and fabrication route are 

generically applicable to other LIC systems besides polymers, 

qualifying our approach as a promising path towards high-

density, low-loss photonic circuits. 

 
TABLE 1.  

SUMMARY OF AIR-TRENCH BEND DESIGNS IN LIC WAVEGUIDES AND 

EXPERIMENTALLY OBTAINED PERFORMANCES 

Design 
Fabrication 

technique 

Bending 

angle 

Bending loss 

(TM) 

Bending loss 

(TE) 

Referen

ce 

Air trench + 

offset bend 

UV 

lithography 
180° 

0.45 dB @ 1.4 mm bend 

radius 
[29] 

Planar air 

trench 

reflector 

UV 
lithography 

45° 0.30 dB 0.33 dB [36] 

Planar air 
trench 

reflector 

Electron beam 

lithography 
45° 0.17 dB 0.12 dB [37] 

Elliptical 

reflector 

UV 

lithography 
90° 0.30 dB 0.31 dB 

This 

work 

Parabolic 

reflector 

UV 

lithography 
180° 0.30 dB 0.27 dB 

This 

work 
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