
National Aeronautics and Space Administration
Jet Propulsion Laboratory
California Institute of Technology
Pasadena, California
www.nasa.gov

National Aeronautics and Space Administration

Copyright 2022. All rights reserved.

PI/Task Mgr. Contact Information: 
Email: Jeffrey.B.Jewell@jpl.nasa.gov

Optimization and System Integration of Photonics for Advanced 
Astrophysics Mission Concepts

Principal Investigator: Jeffrey Jewell (398); Co-Investigators: James Wallace 
(326), Ryan Briggs (389), Pradip Gatkine (Caltech), Nemanja Jovanovic 

(Caltech), Constantine Sideris (USC)

Program: FY22 R&TD Strategic Initiative
Strategic Focus Area: Photonics - Strategic Initiative Leader: Charles Lawrence

Clearance Number: CL#
Poster Number: RPC#R22027

A)
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Figure 1: A) Segmented aperture telescope with piston aberrations. B) 
Testbed: the beam is split into a pupil-plane wavefront sensing arm 
and a focal plane arm. A photonic lantern spatial array couples the 
free-space incident light, with single-mode waveguide outputs for 
downstream coupling to photonic devices. C) The incident focal plane 
field from the aberrated aperture as shown in fig. 1A. The region inside 
the black circle couples efficiently to the photonic lantern spatial array.
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Since the multiplexing of higher-order modes in a FM-MCF is naturally suited to three-dimensional wave-
guide architectures, we use ultrafast 3D laser inscription (ULI) for the multiplexer fabrication3, 22–27. We report the 
successful integration of an array of mode-selective couplers and a fan-in device into a single compact monolithic 
photonic chip28. Each individual tapered mode coupler allows for direct one-to-one mode multiplexing of the 
LP01, LP11a and LP11b modes of a given !ber core across the entire S + C + L bands.

"e integrated FM-MCF multiplexer28 represents a signi!cant advancement over previous work in which ULI 
was used to fabricate tapered mode couplers operating in the visible26, and non-tapered mode couplers operating 
within the C-band27. "e results also relate to the realization of fan-in/fan-out devices, spot-based FM-MCF 
couplers and photonic lanterns using the same fabrication approach3, 22–25. "e devices presented are also closely 
related to an all-!ber dissimilar-core photonic lantern recently fabricated for FM-MCF (3 modes × 7 cores) but 
for which only preliminary results were given29.

Importantly, the one-to-one mode mapping functionality of the devices presented here could allow for the 
compensation of di#erential mode delay (DMD) and mode-dependent loss (MDL) in coherent SDM networks. 
Alternatively, the spatial multiplexers could be used for SDM in time-division multiplexed (TDM) passive 
optical networks (PON) without the requirement for sophisticated digital signal processing (DSP) when using 
low-crosstalk FM-MCF30.

"e spatial multiplexers reported exhibit excellent mode purity and the lowest overall insertion losses of any 
few-mode multicore !ber multiplexer reported to date. Moreover, the fabrication technique o#ers scalability to 
more modes and cores and is also suited to mass-production24, 28.

Results
Adiabatic mode-selective coupling. "e integrated FM-MCF multiplexers reported in this paper28 were 
designed to simultaneously multiplex all the LP01, LP11a and LP11b modes supported in each of the cores of the 
4-core !ber31 shown in Fig. 1(f). "e FM-MCF spatial multiplexer is shown in the schematic of Fig. 1(a) and 
consists of an array of four tapered mode couplers that are positioned side-by-side28. Tapered mode couplers 
involve an adiabatic evolution of the fundamental mode in one waveguide to a higher-order mode in an adjacent 
waveguide. "ey were chosen because they are ultra-broadband in performance and exhibit high fabrication 
tolerances. "is is because, unlike standard directional mode couplers, they do not have a prescribed coupling 
length and also do not require precise phase-matching conditions to be satis!ed over a prolonged distance26, 32.

"e individual tapered mode couplers, Fig. 1(b), have three cores (i.e. 1 few-mode waveguide surrounded by 2 
single-mode waveguides with 90° angular o#set)33, 34. "e single- and few-mode waveguides are counter-tapered 
and of di#erent diameters ensuring that the propagation constant of the fundamental modes in the single-mode 
waveguides match those of the LP11 modes of the larger few-mode waveguide somewhere in the middle of the 

Figure 1. Fabricated integrated FM-MCF multiplexer. (a) "e FM-MCF multiplexer consists of 4, 3-core 
tapered mode couplers. (b) Each 3-core tapered coupler consists of an up-tapered few-mode waveguide 
(highlighted in blue) surrounded by two down-tapered single-mode waveguides (highlighted in red and 
green) with a 90 degree angular o#set to allow for multiplexing both the LP11a and LP11b modes in the few-
mode waveguide. Shown is a microscope image of one coupler’s cross-section at position x (prior to thermal 
annealing). With post-annealing of the glass the large outer index modi!cation (light grey region) is erased44. 
"e adiabatic mode evolution in such a coupler is demonstrated in (c) and the LP01, LP11a and LP11b modes of 
one of the cores imaged using an infrared camera are shown in (d). A%er the coupling region the few-mode 
waveguides (e) fan-in to interface with the (f) 3-mode, 4-core !ber allowing each individual mode to be excited 
independently.

Figure 1D: Each lantern in the 
spatial array couples to the LP 
modes as shown, giving a local 
modal decomposition of the 
incident field.
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Optimal exoplanet throughput is ! !
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Figure 2: A) Dynamic Photonic Integrated Circuit (PIC) built from components which we will 
optimize with inverse design. This PIC will be edge coupled to the lantern array output to give 
a photonic coronagraph. B) Near optimal exoplanet throughput at small inner working angle. 
(Blue) Theoretical limit to exoplanet throughput vs. separation from star. (Orange) Coupling 
efficiency into the lantern array, including a !/10 aberration (as illustrated in fig. 1a). (Yellow) 
Simulated photonic coronagraph exoplanet throughput . (Purple) Including waveguide loss 
estimates, with the red double arrow showing potential improvements with optimization. 
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Figure 3: A) 3D mesh geometric parametrization for 
optimization. Shown here is the input end of a directional 
coupler, a key component in photonic circuits. The device is
parameterized with mesh curvilinear patches, with 
smoothness constraints imposed by fabrication. These 
curvilinear patches can be continuously varied during 
optimization in order to maximize component performance. 
B) A fully 3D Maxwell equation solution using state-of-the-
art integral equation methods. C) Fabrication and testbed 
characterization at Caltech KNI and MDL. This is a 2x2 
multimode interference region (MMI) device designed, and 
fabricated by the team in FY22 as part of a test wafer run.


