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rth’s surface emitted Blackbody Radiation, transmitted through the atmosphere
and measured from a space-borne microwave sensor

MW sensors from the

E"DDE . current and planned
~. 200 F = programs have a very
x = 1 = limited, sparsely sampled
- 200 = E set of channels and a large,
180 E | 5 5 "0 = significant part of the
100 E H,0 2 2 . spectrum is entirely missed
23.8 31.4 50-57.3 65.6 88.2 92 118.8 150 165.5.
1833t 204.0 tt t t t ot t - Image courtesy Dr. Antonia

Currently available channels from the program of record MW sensors Gaihbacorta

* Measured microwave (MW) radiation in the thermal region (10 - 250 GHz) is
inverted to retrieve information on atmospheric temperature, water vapor and
clouds

= These products are used in numerous applications of societal benefit
such as numerical weather prediction models, howcasting of extreme events,
CIImate Sq‘nggtontained in this document is based upon work supported by the National Aeronautics and Space Administration (NASA) grant or

cooperative agreement. Any opinions, findings, conclusions or recommendations expressed in this material are those of the author and do not
necessarily reflect the views of NASA.
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The NASA Planetary Boundary Layer (PBL) Incubation Study Team Report lists hyperspectral
microwave sensors as an “Essential Component” of the future global PBL observing system, to provide
improved PBL and free tropospheric 3D temperature and water vapor structure context to active measurements
(e.q., lidar, radar) and in conjunction with passive sensors (e.g., infrared, RO).

 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)”,

* We are also funded through the NASA Decadal Survey Incubation Planetary Boundary Layer
project to deploy an airborne campaign to demonstrate an ASIC-based MW hyperspectral
technology, 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,

Hyperspectral Microwave Measurements have been long advocated by meteorological and space
agencies worldwide to improve temperature, water vapor and hydrometeors retrievals from space

(Lipton, 2003; Bauer, 2007; Lambrigsten, 2010; Blackwell, 2010; Boukabara, 2011; Mahfouf, 2015; Aires,
2015; Aires, 2019).

Sllde courtesy Dr Antoma
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°* PBL is the lowest part of the atmosphere (our “house”) and it is where the
atmosphere interacts with Earth’s surface (oceans, land, ice...). It is where we
experience the wheatear and climate.
* Due to technological limitations,
there is a lack of global PBL
observation

- - Satellites capabilities are

R L

A limited (low number of

'~ channels, high size, weight,
power consumption and cost,
SWaP-C)

* The gases from atmosphere
impair the measurements
from space

It is difficult to have
|nformat|on over oceans and
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Radio-frequency systems do not meet science Dozen sparsely sampled channels:
requirements. 260 - Image courtesy Dr. Antonia [ ]
= Gambacorta
- Large number of components 2 240/
* High power consumption D220/ ot/ |
- - Q- hhhhhh
* Larger size & weight e Y 2
* Limited bandwidth for components §180— /*\WW\
220
E 160 .
2140
. Example of RF 5120 | | | | | ‘““\2001 53 54 55 56 57 58
components: & 20 40 60 80 100 120 140 160 180 200

Frequency (GHz)
The technology limitation
* Low resolution

* Lots of information
lost

Advanced technology * Hard to tune
Microwave Sounder  Low level of

redundancy

The material contained in this document is based upon work supported by the National Aeronautics and Space Administration (NASA) grant or 6
cooperative agreement. Any opinions, findings, conclusions or recommendations expressed in this material are those of the author and do not
necessarily reflect the views of NASA.
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°* We need to break the technological stall to access to an
enormous amount of hidden information in the Earth’s
atmosphere

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

o H P = —..=a_ s RFE Vs PIC dimensions:
Properties of photonic integrated s SR

— Ultra compact devices (low size/we | bg devices:
— Low power consumption

— Process ultra-high bandwidth
— Tunable channels

— Reduced cost with integration
— CMOS compatible

The material contained in this document is based upon work supported by the National Aeronautics and Space Administration (NASA) grant or
cooperative agreement. Any opinions, findings, conclusions or recommendations expressed in this material are those of the author and do not
necessarily reflect the views of NASA.



ammrrsace INtegrated photonics ZoaT ]

UMBC SCIENCES & TECHNOLOGY

* PIC fabrication process is based on existing state-of-the-art
electronic integrated circuits (EIC) CMOS foundries tools

(deposition, lithography, etching,...)

* There are key differences between PIC and EIC

Signal particle carrier Photons Electrons
Active/passive (depends on platform): : :
Building blocks lasers, amplifiers, modulators, Tran5|'§éc;>i|'sst,0<;2paC|tors,
photodetectors, .... T
Substrate Several (depends on applications) - Metal-oxide (CMOS
hybrid integration available technology)

The material contained in this document is based upon work supported by the National Aeronautics and Space Administration (NASA) grant or
cooperative agreement. Any opinions, findings, conclusions or recommendations expressed in this material are those of the author and do not
necessarily reflect the views of NASA.
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°* Examples of platform for PIC:

Glasses Low price / Rare Earth incorporation Low loss / Easy to fabricate Passive, Amplifiers
SiO,N:5i0,:Si Cheap and versatile fabrication CMOS compatible Passive
TiO,/Si0,/Si

Lithium Niobate Electro-optic, Acusto-optic, Non-linear, Bi-rifrangent Easy control of light Passive
Anisotropic
[II-V compounds (InP, GaAs) Electro-optic light source, detection High level of integration Passive, Amplifiers / Lasers
Polymers Electro-optic/ Thermo optic/Non-linear Versatility and wide range of ~ Chemical and biological sensors,
physical properties EO modulators,

* Results:
— Minimized cost and power consumption
— Improved scalability = higher number of channels
— Improved redundancy of the system = longer missions
— Multiple functionalities = multiple missions/targets

The material contained in this document is based upon work supported by the National Aeronautics and Space Administration (NASA) grant or
cooperative agreement. Any opinions, findings, conclusions or recommendations expressed in this material are those of the author and do not
necessarily reflect the views of NASA.
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260 | | | | | | | <260
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Frequency (GHz)
°* ATMS:
+ ~20 sparse channels (not * PIC enabled hyperspectral MW
contiguous spectrum) technology:
- Missing critical information * Contiguous spectrum coverage
+ >> 2-U cubesat footprint - Hyperspectral resolution: 10 MHz

(or lower!) with support of ASIC
 1U / 2-U cubesat footprint

The material contained in this document is based upon work supported by the National Aeronautics and Space Administration (NASA) grant or
cooperative agreement. Any opinions, findings, conclusions or recommendations expressed in this material are those of the author and do not
necessarily reflect the views of NASA.
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. AN I W ™
—— Captures full //"'/\ s i b
microwave spectrum. /7 e >- e '
N\ e ‘ ~ ( domain « HYyMPI| uses different PICs
Frea(Gha) J developed in different
— platforms
Microwave | Amplifies 20-60 GHz microwave - RF
Front End spectrum. : \ 1 . J domain
------------------------------------------------------------------------------------------------------------------------------------------------------ = T » This allows to exploit the
eom | Converts microwave spectrum Optical technological benefits provided
ptical. ~ domain H
__________________________ ) by different platforms
Photonic Separates spectrum into , Optical
Channelizer 10px 4 GHz :hannels. Lo d:main .
J - The goal: provide a broadband
_'I'_z;zrsn::::tc: channeI§ with structu.re areﬁi_uwf”_ a nd hype rspeCtra l (thou Sa nd S
— A iResChamnel o N sseband Of channels) instrument with
' . omain .
S \T'\ﬁ , e T (ocaann  limited SWaP-C (for cubesat)
~rt ¢ | Hi-Res Channel ( )
Optical power | Channels with minimal structure ! fO I PB L mMeasu rementS
detectors are measured directly. Lo-Res Channel w,

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

The material contained in this document is based upon work supported by the National Aeronautics and Space Administration (NASA) grant or 11
cooperative agreement. Any opinions, findings, conclusions or recommendations expressed in this material are those of the author and do not
necessarily reflect the views of NASA.
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Images courtesy Dr. Antonia

100 f2 1o | * HyMPI (red) reduces ATMS (blue)
200 200 - | temperature Root Mean Square (RMS)
error (left) by 50% in the PBL and 20% in
300 300k 1 the mid/upper troposphere.
400 400 F . * Water vapor RMS error (right) improves
) =l by ~50% in the PBL and along the full
T 500 T st - extent of the mid/upper troposphere.
L1 i
% BOC E BOG T I * Both improvements, in the PBL and the
@ @ free troposphere, will potentially enhance
s /ub L 700F 1 the identification of the PBL height.
s0o cour ] * Thanks to Antonia Gambacorta, NASA
300 900 | GSFC, for the slide
1000 1000+ i — Green curve = a sub-selection of
......... TR T T T T HyMPI’s spectrum, using 118 Ghz and
0 1 2 3 4 0 10 20 30 40 50 60 iSSe%rl?ezvgB(?ig?%icetggl lines only. Cyan
Tempsrature RMS Error Water Yapor RMS Error (% difference) '

The material contained in this document is based upon work supported by the National Aeronautics and Space Administration (NASA) grant or
cooperative agreement. Any opinions, findings, conclusions or recommendations expressed in this material are those of the author and do not
necessarily reflect the views of NASA.
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° Goal: generates 6 optical
carriers locked to the lead
lasers

° Challenge: locking several
lasers and provide at the
same time a high stability
and low frequency drift

°* The device is under
development by Freedom
Photonics LLC

The material contained in this document is based upon work supported by the National Aeronautics and Space Administration (NASA) grant or
cooperative agreement. Any opinions, findings, conclusions or recommendations expressed in this material are those of the author and do not
necessarily reflect the views of NASA.
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°* We are considering different products (COTS parts) and
technologies (PICs)

° Goal: modulation > 40 GHz with
high electro-optical modulation
efficiency

° Lithium niobate and thin-film
lithium niobate technologies can
provide ultra-fast, efficient and
compact solutions

°* Both COTS and PICs parts are
considered for this subsystem

The material contained in this document is based upon work supported by the National Aeronautics and Space Administration (NASA) grant or
cooperative agreement. Any opinions, findings, conclusions or recommendations expressed in this material are those of the author and do not
necessarily reflect the views of NASA.
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* Goal:

— Tunable multi-channel 4 GHz bandwidth/channel separation
— Compact optical filter with high noise rejection
— Flat-top response

— Limited power consumption

- Challenge: Manufacturing/technological limitations strongly impact the filtering response

* The filter shape becomes more and more sensitive to fabrication inaccuracies as the
performance of the filter increase

- This can lead to spectral distortions or signal to noise ratio degradation (and this can
have a severe impact on the spectrum analysis)

* The ideal channelizer is the rectangular filter:
* No distortion (flat-top response)
* Infinite rejection
* No loss

Small, light and passive (no power
waveIength/frequenc?OﬂSUmptlon)

The material contained in this document is based upon work supported by the National Aeronautics and Space Administration (NASA) grant or 15
cooperative agreement. Any opinions, findings, conclusions or recommendations expressed in this material are those of the author and do not
necessarily reflect the views of NASA.
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- Arrayed waveguide grating (AWG) are common planar devices used as
multiplexers/demultiplexers in wavelength division multiplexing (WDM)
systems

- However, these devices show limited spectral performance since the
spectral resolution depends on the interference order of the grating

(number, group index and length of the waveguides in the array)
Classical approach: Parallel AWG

(PAWG):

Array of
waveguides

Wavelength

Starcoupler

The material contained in this document is based upon work supported by the National Aeronautics and Space Administration (NASA) grant or
cooperative agreement. Any opinions, findings, conclusions or recommendations expressed in this material are those of the author and do not
necessarily reflect the views of NASA.
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- Our proposed device is composed of one delay lines and N directional
couplers (DC) that siphons-off fractions of the input signal.

- The spectral filter shape response is the Fourier transform of the intensity

distribution (due to the DCs’ configurations) at the input of the starcoupler
(SC)

- The SC performs the Fourier transform of the input distribution

«—Dbelay line
000

Directional
coupler

Starcouple

f SN

Wavelength

The material contained in this document is based upon work supported by the National Aeronautics and Space Administration (NASA) grant or 17
cooperative agreement. Any opinions, findings, conclusions or recommendations expressed in this material are those of the author and do not
necessarily reflect the views of NASA.
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- The innovative design enables the access to:

- The phase delays in each waveguide in the array. This allow the compensation of
the fabrication inaccuracies that detriment the performance of the filter

- The DC'’s splitting ratios. This provides different filter shape and can produce a
high-rejection flat-top response (impossible in the PAWG configuration)

Intensity [a.u.]

Normalized power [dB]

0

-30

-20 ¢

(\

Il

1550

il

1549.8
Wavelength [nm]

1549.6

000 0000COCOGONOIONOSIONPSTOYS

1 3 5 7 9 11 13 15 17
Star coupler input #

0
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A A A A
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0.1 . d
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. )
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oc»" ‘ ‘ . ‘ . _®ag,
13 5 7 9 11 13 15 17

Star coupler input #

0 .

10t

-20

-30

1549.6 1549.8

Wavelength [nm]

1550

0.2 °
L ] L]
0.15
® [ ]
0.1+
® L]
0.05 -
O‘M

1 3 5 7 9 11 13 15 17

Star coupler input #

Examples of three

(@ different spectral

response of the filter

Examples of three

<@ different intensity

distribution at the star
coupler input
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° The Gen . 2 device footprint is F. Gambini, et al., "An Innovative Photonic Integrated Channelizer Design for Hyperspectral Microwave

. Sounding," in OSA Optical Sensors and Sensing Congress, paper HF4E.5.
about 20 mm x 4 mm (SiN 0 A0 AN 4.1 GHz 1.1 6 |
! . ——Ch1
platform) 5] _ 5 w —Ch2
— 5| |
°* The device has been & -10] 2 |
demonstrated to operate at 4.1 ; 210 H
GHz bandwidth/channel 21| 2 45
separation § 20! &
with about 15 dB of channel £ g -20
rejection =20 S Ll
° Patent pending application: O erimenta esuls (No defay nes uning) .
— Experimental results (After delay lines tunin - ' ' ' : t
Inventor, Dr. M. Stephen (NASA 35 — : - = 1571.2 1571.6 1572 1572.4
- 15714 15715 15716 1571.7 1571.8 1571.9 1572
GSFC) - CO-lnventOI'S.' Dr. R. Wavelentgh [nm] Wavelength [nm]
MorelrarlUS% Te 13) ng Dr. F. . . _
- k ted by the Nat I A t ds Ad trat (NASA) t
Gamblndow &ﬁ%\ ﬂ%‘g nﬂﬁpﬁkgﬁ&upon work supported by the National Aeronautics and Space Administration grant or 19
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°* The next generation of device is currently under fabrication:

Goals:
* Flat filter response
%' * Channel separation: 4.0 GHz
%;Z - Channel bandwidth: 4.0 GHz
§2 * Filter rejection 20 dB
E-s « Tunable DCs

* Improved power consumption

1550 1550.1 1550.2

Wavelentgh [nm]

The material contained in this document is based upon work supported by the National Aeronautics and Space Administration (NASA) grant or 20
cooperative agreement. Any opinions, findings, conclusions or recommendations expressed in this material are those of the author and do not
necessarily reflect the views of NASA.



A — First received signal £SsT

UMBC SCIENCES & TECHNOLOGY

°* HYyMPI system test started last month (after 8 months from
the beginning of the program)... This is our first received

signal!

1 Spectrum L

Mkr1 2.670 8 GHz

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

« 150 MHz modulated carrier
(slow but very exciting)

« Two channels locked laser
system at 2.67 GHz

* PICs involved in the

experiment
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 material contained in this document is based upon work supported by the National Aeronautics and Space Administration (NASA) grant or 21
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°* PICs are a reliable solution to overcome the limitation of the

current RF technology

° Different photonic integrated platforms are used to fully

exploit the advantages of the technology

°* HyMPI is expected to revolutionize the microwave sounding

capabilities, enabling an unprecedented resolution and
contiguous spectral coverage for PBL

— At the same time, the system will minimize the SWaP-C

°* HyMPI will open a new era of advanced atmospheric

measurements from space, and it is expected to provide
breakthrough improvements in their scientific applications.

The material contained in this document is based upon work supported by the National Aeronautics and Space Administration (NASA) grant or
cooperative agreement. Any opinions, findings, conclusions or recommendations expressed in this material are those of the author and do not
necessarily reflect the views of NASA.
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Thank you!

fabrizio.gambini@nasa.gov
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