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 Integrated photonics: emerging branch of photonics in which multiple devices are
fabricated as an integrated structure onto the surface of a flat substrate

* Properties of photonic integrated circuits (PIC):
— Ultra compact devices (low size/weight)
— Low power consumption

— Process ultra-high bandwidth e PIC: > 100
- Wi devices

— Tunable channels | 'q

— Reduced cost with integration

— CMOS compatible
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RF - radio frequency; EOM - electro-optic modulator; ASIC — application specific integrated circuit;

Gambini et al., 2021, doi: 10.1364/HISE.2021.HF4E.5; Turner et al., 2020, doi:10.23919/MWP48676.2020.9314456;
Gambacorta et al., 2023, doi: 10.1109/JSTARS.2023.3269697
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* Contiguous spectrum coverage

*  Hyperspectral resolution: up to 500KHz with support of
ASIC

1U / 2-U cubesat footprint

« ~20 sparse channels (not contiguous spectrum)
* Missing critical information
¢ >>2-U cubesat footprint .

The key characteristic of the PIC is its capability to process 40 GHz of instantaneous signal bandwidth.
Combined with ASICs, this translates into a programmable spectral resolution as fine as 500 KHz, covering the full
contiguous 10-250 GHz range (equivalent to 80,000 frequency sub-channels) with efficient SWaP-C.

This makes HyMPI a first of a kind combined sounder + imager sensor, suitable for space deployment. .



Hyperspectral Microwave Measurements of the Earth’s

surface and atmospheric radiation
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Our team at GSFC has initiated a NASA Earth Science and Technology Office Incubation Instrument Proposal research project
titled: “Photonic Integrated Circuits (PICs) in Space: The Hyperspectral Microwave Photonic Instrument (HyMPI)”, to develop and
demonstrate the first MW photonic integrated sensor with science grade performance, https://esto.nasa.gov/project-selections-for-
iip-21/#Gambacorta

We are also funded through the NASA Decadal Survey Incubation Planetary Boundary Layer project to deploy an airborne
campaign to demonstrate an Application Specific Integrated Circuits (ASIC) -based MW hyperspectral technology that will form the
baseline for HyMPI, titled: “Hyperspectral Capability for the Conical Scanning Millimeter-wave Imaging Radiometer (CoSMIR):
Enhancing Capability for Future PBL Suborbital Campaigns and Enabling PBL Science from Space , https://esto.nasa.gov/project-
selections-for-dsi-21/#Kroodsma

Our team has initiated an active-passive data fusion project, titled: A Combined Passive-Active, Multi-Sensor Approach to Earth’s
Planetary Boundary Layer (PBL) Sounding to verify and quantify the enhanced 3D thermodynamic structure achieved by MW sensors
(e.g., ATMS, HYMPI) in combination with active sensors and perform signal/noise trade studies intended to inform future pathways
(e.g., enhanced passive and active sensors) to fill technology and uncertainty gaps, https://esto.nasa.gov/project-selections-for-dsi-
21/#Gambacorta

Our team at GSFC has initiated a NOAA Broad Agency Announcement funded project to deploy an airborne field campaign
(WHyMSIE, the West-coast Hyperspectral Microwave Sensor Intensive Experiment), titled: “Developing the NOAA Next Generation
Hyperspectral Microwave Sensor (HyMS): Instrument Concept and Demonstration of Benefits for the NOAA Mission”,
hitps://www.nesdis.noaa.gov/news/noaa-awards-joint-venture-program-broad-agency-announcements
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https://esto.nasa.gov/project-selections-for-dsi-21/
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HyMPI will be configured to respond to the Science Applications and Traceability Matrix requirements outlined in the
NASA Incubation PBL Study Team Report and to satisfy the broader needs of the weather and climate community.

Gambacorta et al., 2023, doi: 10.1109/JSTARS.2023.3269697
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Temperature and water vapor trade studies
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Full exploitation of the MW thermal spectrum (HyMPI’s strategy) enables highest performance

Gambacorta et al., 2023, doi: 10.1109/JSTARS.2023.3269697
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HyMPI resolves the gap in mid-to-upper troposphere retrieval vertical
resolution and sensitivity in existing microwave sounding technology

and instruments

Extending water vapor sensitivity throughout full tropospheric column
increases confidence in retrieving atmospheric state for entire profile
and improves moisture information content within mid-to-upper layers,
where MW instruments often lack skill.
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+/-20 degree HyMPI Retrieval Runs
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Looking
forward to a
Hyperspectral
MW future...

14



References

* A. Gambacorta et al., 2023, "Advancing Atmospheric Thermodynamic Sounding from Space using Hyperspectral
Microwave Measurements," in IEEE Journal of Selected Topics in Applied Earth Observations and Remote Sensing, doi:
10.1109/JSTARS.2023.3269697. https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=10107761

* Gambini et al., 2023, An Ultra-Compact, Narrow-Bandwidth, and High-Density Channel Photonic Integrated Channelizer
Based on Serial Arrayed Waveguide Grating Architecture, IEEE, Journal of Lightwave Technology, in preparation.

* Gambini F,, R. Moreira, A. Gambacorta, J. Klamkin, M. Stephen, 2021: An Innovative Photonic Integrated Channelizer
Design for Hyperspectral Microwave Sounding, Optical Sensor and Sensing, OSA Technical Digest (Optical Society of
America), HF4E.5, July 2021, doi: 10.1364/HISE.2021.HFA4E.5.

e C. Turner, M. Stephen, F. Gambini, G. Chin, P. Racette and T. Murphy, "Ultra-Wideband Photonic Radiometer for
Submillimeter Wavelength Remote Sensing," \textit{International Topical Meeting on Microwave Photonics}, vol. 124-127,
doi:10.23919/MWP48676.2020.9314456, 2020.

 Kroodsma, R. A., M. A. Fritts, J. F. Lucey, M. R. Schwaller, T. J. Ames, C. M. Cooke, and L. M. Hilliard, 2019: CoSMIR

performance during the GPM OLYMPEX campaign, IEEE Trans. Geosci. Remote Sens., 57(9), 6397-6407, doi:
10.1109/TGRS.2019.2906039.


https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=10107761

Thank you



NASA PBL
Incubation Study
Team Report

PRELIMINARY SCIENCE & APPLICATIONS
TRACEABILITY MATRIX (SATM)

Overarching PBL Vision

Science Goal

Science Questions

Globally characterize the
thermodynamic
structure of the PBL

G1. PBL, Convection and
Extreme Weather

Q1.1: What is the role of mesoscale variability (e.g., cold pools, aggregation) in the interactions
between PBL and convection?

Q1.2: How does the thermodynamic structure of the PBL and lower troposphere foster a
transition to deep convection?

Q1.3: What is the role of PBL and surface processes in the diurnal cycle of precipitation?

G2. Cloudy PBL

Q2.1: How do the PBL thermodynamic structure and cloud properties covary and interact with
each other, and how does it depend on cloud type?

Q2.2: How are these PBL-cloud interactions mediated by turbulent surface fluxes and overlying
free tropospheric thermodynamic conditions?

Q2.3: What is the role of mesoscale variability in modulating the vertical structure of the cloudy
PBL temperature and water vapor?

G3. PBL and Surface
Interaction

Q3.1: What is the impact of surface heat fluxes on the PBL thermodynamic structure (and vice-
versa)?

Q3.2: Which processes control the water vapor near (~ 100 m above) the surface?

Q3.3: What is the impact of surface heterogeneity on the PBL thermodynamic structure and
convection initiation?

Q3.4: How does PBL thermodynamic structure and evolution modulate local and remote
processes and feedbacks that govern hydrological and climatic extremes ?

G4. PBL Modeling,
Mixing and Air Quality

Q4.1: What are the main PBL mechanisms responsible for vertical transport of atmospheric
constituents? (e.g., entrainment, turbulent diffusion, thermals/plumes)

Q4.2: What are the optimal methods to more effectively use space-based PBL observations in
order to develop and evaluate unified PBL parameterizations in weather, climate and air quality
models?

HyMPI’'s demonstrated advancements in low-to-upper level temperature and moisture are critical for
addressing the NASA PBL Incubation Study Team Report and SATM science goals/questions, including

the following:

\/ A -- identifying aerosol regimes and transport (SATM-Q4.2),

\/ B -- tracking/forecasting TC rapid intensification (SATM-Q1.2),

\/ C -- improving satellite observations (SATM-Q4.2) and overall understanding of the PBL;
thermodynamics, temporal/spatial variability, interaction with "other" environments
and atmospheric processes, etc. (SATM-G1,2,3,4)
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Geophysical Variables and

Potential Measurement

q . Geophysical Variables and Potential Measurement
Goal Science Questions . .
Measurement Requirements Technologies from Space
Q1.1: What is the role of Sp:atlal distributions of T and Horlztl)nta.I/VertlcaI resolution —
mesoscale variability (e.g g in clear and cloudy combination of:
L iti R ding (1 km horizontal
cold pools, aggregation) in conditions to r.ne;?fure PBL SOU”_ ing (1 km horizonta
the interactions between mesoscale variability (0.5-1 resolution, clear sky)
PBL and convection? km vertical resolution) - MW so.undmg (5 km horizontal
¢ To estimate variability within resolution, through clouds)
10-100 km requires T and q SW observations of related
G1.PBL, Q1.2:How does the 1 km hori | variables (~100m horizontal
Convection | thermodynamic structure of at m orizonta resolution)
and the PBL and lower resoLut.lor? or better * DIAL/DAR measures nadir water
Extreme troposphere foster a PBL height vapor c.urtalns with 200 m vertical
transition to deep resolution
Weather convection? Temporal sampling to
characterize storm evolution: Temporal sampling:
R . ¢ For weather - multiple times |+ For weather - i) GEO IR sounder, ii)
Q1.3: What is the role of
PBI: a.nd surface processes in per day in same locations CubeSat constellation or iii) LEO
X *  For climate - statistical complementing operational CrlS,
the é“.jma.‘l cycle of sampling of diurnal cycle IAS], MW sounders
precipitation? For climate - LEO inclined orbits
. . Geophysical Variables and Potential Measurement
Goal Science Questions . .
Measurement Requirements | Technologies from Space
Q3.1: What is the impact of surface ¢ PBLTand q resolution: Horizontal resolution as in
heat fluxes on the PBL thermodynamic QA;:?:T#EALI?ES;:zer mean | G1: Combination of IR,
ice- ? MW and SW.
structure (and vice-versa)? Enhanced: 100-200 m vertical an
resolution
Q3.2: Which processes control the Diurnal sampling: weather Temporal sampling as in
water vapor near (~ 100 m above) the and climate sampling as in G1 | G1: For weather - i) GEO IR
surface? e Tand q high vertical sounder, ii) CubeSat
G3. PBL resolution close to surface constellation or iii) LEO
and Q3.3: What is the impact of surface ® Surface properties: surface | complementing
Surface heterogeneity on the PBL ter:fperaffure, 5‘;” moisture., operational CrlS, IASI, MW
Int ti thermodynamic structure and surtace Tiuxes, etéro.genelty, sounders. For climate -
nteraction AR vegetation (synergistic Lo .
convection initiation? ) LEQ inclined orbits
platforms and observations)
® Near surface: T and q (2m), i A .
Q3.4: How does PBL thermodynamic winds (10m) (synergistic Vertical resolution as in
structure and evolution modulate local observations, analyses and G2: DIAL, DAR and/or RO.
and remote processes and feedbacks reanalyses)
that govern hydrological and climatic
extremes?

Goal Science Questions Measurement Requirements | Technologies from Space
Horizontal resolution as in
Q2.1: How do the PBL * Tand q profiles (in PBLand | G1: Combination of IR,
thermodynamic structure and cloud free troposphere) with high | N\qw and sw.
properties covary and interact with vertical resolution (100-200 | yertical resolution:
each other, and how does it depend m) in clear and cloudy * DIAL measures q
on cloud type? conditions profiles, 200 m vertical
¢+ Tand qprofiles at resolution from space
Q2.2: How are these PBL-cloud horizontal resolutions as in in clear sky (2D curtain)
G2. Cloudy | interactions mediated by turbulent Gl * DAR measures q
PBL surface fluxes and overlying free * PBLheight profiles, 200 m vertical
tropospheric thermodynamic ¢ Cloud properties resolution from space
conditions? (synergistic measurements) in cloudy sky (2D
* Radiative fluxes (synergistic curtain)
Q2.3: What is the role of mesoscale measurements) * GNSS RO measures T or
variability in modulating the vertical |* Surface fluxes (based on q profiles with 100 m
structure of the cloudy PBL synergistic measurements) vertical resolution from
temperature and water vapor? space (scattered
sampling)
I . . Geophysical Variables and Potential Measurement
Goa Science Questions Measurement Requirements Technologies from Space
Horizontal resolution as in
Q4.1: What are the main PBL * Variables related to PBL G1: Combination of IR, MW
mechanisms responsible for transport/mixing (e.g., Tand | and SW.
vertical transport of atmospheric q spatial variance, PBL top Temporal sampling as in G1:
constituents? (e.g., entrainment, entrainment) For weather: i) GEO IR
turbulent diffusion, ¢ Combinations of different sounder, ii) CubeSat
G4. PBL thermals/plumes) instruments with high vertical | constellation or iii) LEO
Modeling, (100-200 m) and horizontal (< | complementing operational
Mixing Q4.2: What are the optimal 1 km) resolutions of Tand q | sounders. For climate: LEO
and Air methods to more effectively use |° PI.3L he.lght m.easurements inclined orbits
. space-based PBL observations in with high horizontal Vertical resolution as in G2:
Quality resolution (~1 km)

order to develop and evaluate
unified PBL parameterizations in
weather, climate and air quality
models?

Cloud properties and
radiative fluxes (synergistic
measurements)

PBL winds (synergistic
measurements or analyses)

DIAL, DAR and/or RO.

PBL height: from T and/or q
profiles (see above) and/or
measurements of cloud,
aerosol properties




Existing components, current and future Technology
Readiness Level (TRL)

HYMPI component TRLs are also maturing and on schedule.

The instrument maturity is set by the least mature component which is currently photonic
integrated channelizer (TRL-3) and an integrated multi-tone laser source (TRL-3.)

The required development processes for these components are straightforward, and we
have allocated ample time and resources to their maturation under our NASA ESTO-
funded research program.

We will advance the instrument TRL to 4 by combining our PIC-based sub-system with a
microwave front end by Dec 2023, including performance testing of the integrated
microwave-photonic system.

TRL 5 will be reached by Dec 2024 after demonstrating a fully functional HyMPI
PICASIC that combines the microwave (MW) front end, PIC-based sub-system, and ASIC
for 40-GHz of spectral coverage. This demonstration will consist of sky observation tests,
measurement analyses, and a final instrument packaging.



Level 1 Data quality and Cal-Val activities @ qM

* Developing end-to-end calibration model for HyMPT architecture
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1 Spectrum Mkr1 2.670 8 GHz

Scale/Div 10 dB Ref Level 0.00 dBm -51.13 dBm
Log v

Center 2.6950 GHz Video BW 3?0 MHz Span 1.009 GHz
Res BW 3.0 MHz Sweep 1.00 ms (1001 pts

The first received signal from HyMPI system. The first demonstration was performed locking two lasers and using a single
ring filter as channelizer and modulating the optical carrier with 100 MHz modulation. A radio-frequency (RF) signal
generator was used to simulate the received signal from the RF antenna.

The picture shows the down-converted RF spectrum at the balanced photoreceiver. The central lobe in the picture is due
to the beating of the two lasers’ signals (separated by 2.67 GHz), while the two lower lobes are due to the actual RF
spectrum from the antenna (signal generator). This test showed, for the first time, the feasibility of the system.



