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= Lunar Flashlight (LF) is dn innovative CubeSat \ - . . — ———— S S e ——-~.;—- e -

mission to be launched by NASA's AES (Advanced ¥ | ) ~ - : e g

Exploration Systems) division on the first SLS Space “ " e, G R = The laosers fire sequentially for 1-6 ms , followed by o pause of 1-6 ms with all lasers off.
Launch System) test flight. , R Sl = When all lasers are off, background is measured and subtracted from the-measured signals.

= Goal ? Detfect, quantify and map suace H,O icein the PSRs += = In order to increase the SNR (Signal-to-Noise Ratio), measurements are averaged for each of the
(Permanently-Shadowed Regions) — where previous missions have i%e @ spectral band over the lunar ground-track corresponding to the desired mapping resolution.

already revealed strong indications of H,O ice presence [1-6] —and :&i Continuum/absorption reflectance band rgtios are then analyzed to quantify the weight percent of
occasionally sunlit regions of the lunar South Pole. In addition to be identified water ice (wi%) in the |||Um|ng’[ed FOV (Field Of View).

as a NASA Strategic Knowledge Gap (SKG) for Human Exploration, polar volatile

deposits are also crdcial to address outstanding questions in planetary science, such as testing * 1-6 ms with lasers off for

" hypotheses regarding the delivery and retention of water;and other volatiles+in the inner Solar System. ; . R Recejver bockground measurement
> How ? By measuring 0° phase angle bidirectional surface reflectance band ratios using four different : | a ér’rure : | T Y ’
wavelengths in the SWIR (shortwave infrared) spectral region between 1 and 2.um. . I - > / 18 7. /
| , YV VV Lt
= 047 . . . ; . » ‘
; E. .-‘.-.,.-..-i‘“-. / " , —s::' .\: .
Q 042 A et ' .::; vis AR
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2 032 (£
~1.495 um . . '
0.27 — Direction Lasers
‘05 1 15 o2 2.5 : of travé]
. . Wavelength (um) | - LF spacecraft Science data paths on the - :
_ . . . . lunar South Pole, The gray scale shows the . 2 | | . .
T Regolith — =0.5wt¥% = = 2wtd ----- SWtd 10Wt%  aximum temperature; the green and pink : '
wi%: H,O ice weight percent. Spectra calculated using Hapke ‘segments are the Science paths with the . . : . .
fheory [/]." withr water ice opfical constanfs from [8] and a pink dots indicating the PSRs. , - H%Y '
reflectance spectrum of Apollo 14 lunar highlands sample 14259-85. o ‘ ‘ y [ Sysll.em mOdeIIng
H : We have modeled Gaussian and systematic uncertainty sources as a func’rioh of the spacecraft position for each |
I'F mU"| bqnd SWIR Iaser reﬂec.l.om'elller" of the wavelength. From this we evaluate the fraction of covered area for which the SNRs are high enough to

discriminate between dry regolith and a given water ice content as a function of the confidence level. Below is the
estimated error free corresponding to a mapping resolution of 10 km (i.e. after averaging) and é ms pulses, using
fhe two shortest wavelengths. TBD (To Be Defermined) values hove been set to zero.
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€ I ectronics A ' . Relative uncertainty on measured ) Total worst-case systematic error on measured |
board Receiver € lectronics reflected laser optical power: reflected laser optical power:
board in its . 0 =023 396 % J A=-044--0.16% .
| [
’ Lasers EPS* EM** shield Relative calibration m%i?géiie(;; gs;i'gio R tWorts;t -case Worst-case ?iystelem:tti(cl elzrror on A
. . . . : systematic error on measured reflected laser
boards recgggit:sl;(t)yngitity: detected laser light after measured current || optical power due to lasers-to-
. ’ . T8D backgr%uézd S(Ijﬂgtraiion signal: receiver pointing error:
. 0=0.64-0.65p ) -022-0.2pA TBD
~ Cryoradiator of . | | = T g . .
' . " Detector current shot Detector reading Detector current shot Worst-case offset "\ Worst-case
<+«— |Laser batteries . the detector s °® noise corresponding to electronics (analog noise corresponding to 4 Worst-case offset A Crror on current due lasers-to-
3 detected background: board) RMS noise: detected laser light: error on current due to background receiver
EPS*: Electrical Power System 0=17-47 fA 0 =045 pA 0=2-9fA to transient of the fluctuations within pointing error:
EM**: ElectroMagnetic . i — : I ' analog board: one laser firing TBD
¢ . - ' 4 -022-0.2pA sequence:
Detector current due Detector dark Detector current due Detector current due \ / 0 TBD e
. . to detected instrument ) to detected solar stray to detected laser K
= Optical receiver: 70x70-mm off-axis Al porobolmdcl mirror; 70. mm focal length; Vi e v AN 16_“%‘;:}) \ E— (:fused N
single pixel 2 mm diameter InGaAs detector cooled at -65°C (1 nA dark current); = 2 | S i s vl
. 4 ; , se:
20.2 mrad uniform FOV; optimized for stray solar light rejectian from outside the Emitted laser powers: Altitude: 0% D18k .
: . 304-555W 12.7 -51.2 km \ .
FOV . Y L = - Y J . !
: , , , ‘ ' Systemati the detected laser light.
2 Detector reading electronics (analog board): 0-10 nA current range: 0.5 pA/Hz!/2 Gaussian uncertainty on the detected laser light : Mentioned A correspond to wet re;f,‘l’{thgh
RMS (Root Mean Square) Nyquist noise spectral density; 236 Hz 3dB-bandwidth. ?geslﬁoo/nﬁg‘fgerfﬁzﬁ ;c;v Ygf:ﬁeg(:}:rt:shortest . . i . (%5wt% H20ilce) detected with the two
! . . . o n L rtest -
= Diode lasers: 15-55 W optical power; wavelengths: ~1.495 um & ~1.99 um (H,O ice - e I 3o
absorption peaks) and ~1.064 um & ~1.850 um (nearby continuum); > 99.6% L ' . - '
emitted energy encircled within 20.2 mrad. : . ; '
L | ; Results and Discussion : .
. 9" | , , Conclusion:
. .

M ' lution: 10 k Pul idth:
dpping resolution: 10km & Pulse width: 6 ms => The defector reading electronics (analag boord) constitutes

—Short continuum wavelenght (~1064 nm) Covered area (%) . the major source of noise.
— Short absorption wavelenght (~1495 nm) = Thermal constraints limit the laser power available, and thus the

. insfrument SNR.

ll:zgg Zgzg?:tlijo? \\vavz\\//eellzgm ((—-1122?) rr:rrrr:)) =>» Trade off bgtween mapping resolufion and instrument SNR.

=> This highly mass- and. volume-constrained (2U) instfrument
payload will demonstrate several firsts at a much lower cost
fthan preyiously possible, including being one the first
insfruments onboard a CubeSat performing * science
measurements beyond low Earth orbit and the first planetary
naission to megsure reflectance using active sources from orbit.

Next steps:,
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| | ) ' D 3 = Complete TBD values in the error tree_(achievable instrument
10 15 , : . :
. . . , calibration accuracy, background fluctuations impact, lasers-
Operational time (minutes) . Confidence level (o) to-receiver poinfing error) and finalize the calculations of the
, : , . i instrument performance. .
National Aeronautics and Space Administration \ . e : ' : 2 Manufacture of flight modules, calibration & characterization,
J&t Propulsion Laboratory ' : . . . | . integration fo the CubeSat.”

California Institute of Technology . 4 ' o » ' - ; o . p
Pasadena, California . ;
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WATSON: An ultraviolet Raman and fluorescence spectrometer for

subsurface organic detection on the Greenland ice sheet
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| / Power / electronics

An onboard CPU,
electronics, and
power package
coordinate the firing
of the laser with the
motorized stages
and communication
with the detector.

| / Spectrometer

A filter in the
spectrometer
separates Raman
and fluorescence
emission, sending
each component to
separate gratings
and focusing onto
two 32 channel PMT
detectors.

Motorized carriage
on a linear stage
containing the
focusing objective,
context camera, and
rotational mirror for
rastering the laser
across the sample
surface.

/ Laser cleanup optics
Exiting the laser, the
248.6 nm line is
isolated and other
NeCu transitions,
primarily a 252.9
nm line, are
removed by two
custom edge filters

| /Laserand LPS

Excitation is
provided by a 248.6
nm NeCu hollow-
cathode laser, along
with a custom laser
power supply
capable of operating
up to 160 Hz.

National Aeronautics and Space Administration

Jet Propulsion Laboratory
California Institute of Technology
Pasadena, California
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Instrument overview and objectives

lcy environments have been found to both preserve organic material and even
contain potentially habitable niches'?. Traditional methods of ice analysis involve
melting bulk samples, losing spatial information regarding the distribution of cells
and their relation to other chemical or morphological features.

WATSON'’s goal is to determine the spatial distribution of organic material, including
microbes, present in glacial ice by in situ measurements of the ice borehole wall,
obtaining spectral maps containing signatures of organic material present.

Left: WATSON prototype
engineering deployment in
Kangerlussuaqg, Greenland. A 14

cm X 4.5 m borehole was used
for WATSON testing.
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Wavelength (nm)
—E. coli (1p)
500 2500
—Paper (1p) Wavenumber (cm-1)

——Phenylalanine (1p) ——Gypsum (100p)

—Ice (1p)
—Acetonitrile (100p)
——Calcite (100p)

WATSON has a Raman range from 700-4000
cm-1 and a fluorescence range from 275-
450 nm. Fluorescence and ice Raman
spectra presented above are single pulse
measurements.

Left: WATSON combined Raman and
fluorescence spectrometer CAD and
final hardware

N X

Detecting microbes in Greenland ice

Raman and fluorescence spectrometer

SURFACE
Surface computer 28 VDC

1

|

|_[ WATSON

CPU PDU
'
g
’ )
J‘I—
32-CH PMT ' Linear/rotational Laser power
: motor controllers supply (LPS)
/
_: i
1 .
: / CARRIAGE 248.6 nm laser
: |
: Linear/rotational
: motors Laser cleanup
Spectrometer - St
|
Context Focusing
camera optics
== COMmMunNication
- Power Sample
Optical path

WATSON block diagram. A surface power supply and computer
are connected to WATSON through an Ethernet and power
tether. Inside WATSON, a CPU and power distribution unit
control and power the PMT detectors, motors for scanning the
laser across the sample, and the laser power supply.
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lce drops with varying quantities of E. coli were
scanned to investigate the ability of WATSON to
detect organic material in ice. The limit of detection

for E. coli was determined to be 125 (% 32) cells for
a single laser pulse.

(A) presents a context image of the 6.5 L ice drops. (B) presents a
fluorescence map of the drops. The total amount of each organic
material deposited in each drop is annotated on the left axis. (C)
presents average spectra of the sampled points within each drop. The
average spectrum of a pure water control drop is shown as a grey
dashed line.

Lab scan of returned Greenland ice core, 30 mm x 50 mm map, 100 um resolution, 1 pulse per point
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Context image Raman water-ice band Fluorescence map

Raman ice band
(O-H stretch)

I Probable organic,
non microbial

Intensity (arb.)

[ Probable organic,
non microbial

Microbial

Microbial

253 303 353 403

3 0 Wavelength (nm)

Spectral features
corresponding to map colors

This work was carried out at the Jet Propulsion Laboratory,

WATSON demonstrates instrumentation and measurement techniques for
organic detection in an icy environment that may be desirable for future
landed missions to Europa, Enceladus, or the Martian polar caps.

The California Institute of Technology under a PSTAR contract
from NASA. Thanks to Jim Wilcox and Photon Systems for
electronics support.
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Precision Radial Velocity at Palomar Mountain: PARVI and P3K

Author: Christopher Matthews (326)
Co-Authors: Gautam Vasisht (326) and the PARVI team

Stellar Mass (M.}

0.01 0.1 1.0
Semi-major Axis (ALD
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-
Figure 1.1-1. Improving RV sensitivity from 50 cms-! opens up
the boundary to which 1 Me planets may be detected with 1 ms-1

and 0.5 ms-' RVs. The colors within the HZ show Earth-ocean

worlds are in red, wetter ones in blue.
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orbital space. A stellar mass vs. semi-major axis diagram showing

masses lost via UV driven escape due to proximity to the star. Dry

oM development and the team aims to begin commissioning at Palomar in early

/

o T |

% PARVI

ﬂ The Palomar Radial Velocity Instrument (PARVI) is a fiber-fed diffraction-
= limited near-IR spectrograph being built for the P3K EXAQO system on the
"™ 1 Hale telescope at Palomar Observatory. By working at the diffraction limit

L

will provide improved RV sensitivity. By combining an extremely stable

-

y for calibration PARVI has a goal of detecting reflex motions as small as 30
cm/s. The instrument is currently being built using components from the

N

€ completed its 99 night direct imaging survey at Palomar Observatory.
Reusing the P1640 H2RG detector, cryostat, and breadboard as well as parts
'! of the control software and electronics has greatly accelerated PARVI’s

2019

¥ ™

Motivation

The radial velocity (RV) method has detected 254 planets
since the discovery of 51 Peg b in 1995. The majority of

these were detected using optical

recently surpassed 1 m/s sensitivity. IR observations have
been limited in the past due to technical restrictions, but
Improvements in AO and IR detector technology provide the
potential for precision RV (PRV) observations in the IR.
Recent discoveries, such as the TRAPPIST-1 planets, have
also peaked interest in cooler stars which are particularly

amenable to IR observations.

PARVI Is designed to provide 30 cm/s sensitivity in the near-
IR (NIR) between 1.2 — 1.8 um. This provides a great
opportunity to investigate several poorly understood classes

of exoplanets.

 Planets around M stars: PARVI will have sufficient
sensitivity to detect an Earth-mass planet in the habitable

zone around cool M dwarfs

* Young exoplanets: PARVI will allow the detection of
forming gas giants, as well as young planets around

nearby stars.

« TESS/K2 follow up: PARVI will also provide valuable

spectrographs, which have

PARVI maintains a small footprint and can be kept extremely stable, and thus

spectrograph with an f-2f locked self-referencing laser frequency comb (LFC)

Project 1640 Coronagraph and Hyperspectral Imager (P1640) which recently

| | ~— |

1
A

W‘wl‘ﬁy*.f

EURRCE o save

l’\‘f
‘ |

| P1640 bellow the Hale
W, | Cass cage

.....
-----
e
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follow up of transiting planets discovered by TESS and 5= S\
K2, allowing better determination of the planet’s physical % i : ]
- \
properties g
PARVI will also provide valuable technology development 1
for ground-based PRV spectrographs, as well as Laser | ‘
Frequency Comb development which will be of great value
to future spectrographs both in ground-based facilities as .
well as future space missions.
J) ©
Technobogy 9 °
10 Technology Gap Technology Descripbion Current Pertormance MNesded Perormance
b1 Extreme Radial stellar Ground-based radla single measurement signal fram exo-Earths 15 10
Predision Motor v -;;;".',- nstrumentation precicion: 80 cm/s HARPS Gty 5; Mesd to reduce
Girpwnd-based capalie of measuring the  instrunent; MN-EXPLORE'S fystematic efrors 1o 1 cmys on
Radial Velocity rmass of candidate ewo- MEID [WYMK observatory) in multi-year timescales;
Earth he habitable dewvelopment: goal 27 crmyf's statistical uncertainties of 1
zane and to maximize cmys onmanthly timescales
efficiency of space for late F, G, and early K stars
telescope sunseys
M-2 Lage Radial stellar Laser Freguency Combs L_ ectro-optic-modulation  Space-based Laser Frequency
Frequency helotion [LFCs] are preciss frequency com bs Combs t I brate high
Combs calioration spwrces tor demonstrated on ground- reso ..l'u:n".l';JE'-'-:-:'
extreme-precision radia based observatories with spectrographs for radizl
welaoity measurement, needed mode spacing, need  velacity precision better than

miniaturization and power
reduction. are;
Mon-MASA WOk is advancing
minizturization.

Flight

Figure 1.1.2. The technologies for Frecision Radial Velocity and Laser
Frequency Comb are identified in the Exoplanet Exploration Frogam's

Technology Gap List as excerpted here
https://exoplanets nasa. gc:u“exepftechn:}lczg

-

National Aeronautlcs and Space Admlnlstratlon

Jet Propulsion Laboratory
California Institute of Technology
Pasadena, California

; Fiber laser-based
optical frequency combs
demonstrated on sounding

=r ‘-.-'I-.'."':r. £ 5pacing

10 ern/fs Detired parameaber

# mode spading of 5-10 GHz
* handwidth sgan 380 nm to

2400 nm

& Allen deviation = Lo

MUS5]1 4 l
3 116]) w

* Lowy Sliap

=

£x 10 kg

HABEX/LUVOIR

NASA JWST NASAWFIRST Flagship ?

B Figure 1.1-9. Relevance to space missions. PARVI supports transit and
&% {ransiting planet characterization missions such as TESS, PLATO, JWST,
=% FINESSE etc. to obtain masses of small planets orbiting late type stars. It
el works together with optical spectrographs to find planets around sun-like stars,
crucial for imaging missions such as WFIRST-CGI and flagships such as
i HABEX/LUVOIR. If RV machines eventually venture into space, on a dedicated
probe such as EarthFinder or onboard a flagship, then PARVI technology is of
direct relevance to these missions.

lqgap-lists/).

Cu rrent Status:

Initial warm alignment.

characterized and the ADC assembly iIs being designed.

The P3K WFS frontend optics have been replaced. The new WFS camera will be
.~ Installed later this year when the Hale secondary is removed for recoating
.+ The PARVI Spectrograph is currently being assembled, with the camera undergoing

«. * The PARVI FCU is undergoing initial alignment. The FCU camera is being

* Aninitial LFC has been demonstrated with NIRSPEC at Keck, and the comb has
been successfully broadened to cover the full PARVI bandpass.

P3K

sensor (WFS)

R

/' ( ':' L~

PSF can be obtained

reduce RV sensitivity

between observing runs

125,000
disperses the spectra

detector

Implementations

Fiber & Hlumination | =B
Calibration souwce modal noise 0
Conbnuum modal noise
Mear-hedd scrambbng
Far-fizk scrambling a
Stray light and ghosts 3
Folarzahor [
Fozal rafio degradalion (science| a
Focal ralo desgradahon {calibrabon)
Dwouble scramblier mechanical dift a
Fiber Fiber contamination a

Hesarmatear driit

Detector effects | 13.1
alent images g

Pized mhamogeneity Mon-inaarty

Barycenter correction | 4.3
Algonthms 1
Expasure midpoind ime 4
1

it wariahar

Coordinabes and proper mation 1]

Reductio |.'l|.'-| | 5.0

PARVI Instrument Error Budget

The Palm 3000 (P3K) extreme adaptive optics (EXAQ) system is the
facility AO instrument for the Hale telescope.
* The system uses a 64x64 subaperture Shack-Hartmann wavefront

« A 66x66 actuator high-order deformable mirror (DM) and a 349
actuator low-order DM in a woofer-tweeter configuration provide
high Strehl ratio correction

P3K is currently undergoing an upgrade to the WFS arm. The
transmissive optics in the path have been replaced to improve
throughput and remove a know residual astigmatism in the WFS. The
camera Is being replaced with a new deep-depletion EMCCD OCAM-
2K camera developed by First Light Imaging. The new camera will
provide faster frame rates (3kHz) and improved sensitivity particularly
1in the red to NIR part of the spectrum. The RTC hardware and software
- IS also being upgraded, moving from a GPU based architecture to a

faster and more reliable DSP based System

PARVI has three prlmary components

The Fiber Coupling Unit (FCU) interfaces with the P3K EXAQ system,
- | coupling the light from the 200in Hale Telescope into a single mode fiber
| which leads to the spectrograph located in a separate location.

« By using SMF minimal modal noise is introduced and a space-quality

« Locating the spectrograph away from the telescope removes the
changing gravity vectors, reduces vibration and thermal variation which

« Using a fiber connection also means the spectrograph itself never needs
to be installed/removed from the telescope, providing improved stablllty

« Light from the LFC is injected into the science fiber using the FCU
The Spectrograph is a cross-dispersed Echelle design fed by fiber
connections to the FCU mounted in the Cass cage of the Hale telescope.

* The R4 Echelle grating will provides a resolving power of R~90,000 to

« Asilicon prism (the only transmissive optic in the spectrograph) cross-
e Athree-mirror anastigmat images 2 NIR bands on the 2Kx2K H2RG

« The LFC provides relative wavelength calibration, a thermal source and
gas-cell (CO,, CH,, C,H,) provides an absolute wavefront reference,
and a monochrometer provides color-dependent flats

« The compact design of the spectrograph combined with its physical
Isolation will provide excellent stability at a fraction of the cost of
traditional seeing-limited designs b

The Laser Frequency Comb (LFC) provides a stable and well calibrated .,;‘?

wavelength reference over the 1.2 — 1.8 um bandpass of the spectrograph. &5

« The LFC will be located remotely in the observatory computer room

« LFC development for PARVI will advance astrocomb technology
readiness, helping pave the way for future ground and space-based

« Several upgrades are already planned for the LFC to improve the initial
10 cm/s comb stability to an ultimate goal of 3 cm/s

»
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Thermal-Machanical 20,6

Themal siability (grating)
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Wibrahonal stability
Pressura stabdity
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Zarodur phase change i
Ciptical elements {focus) 3

alibration Source (uncalibratable) | 10.2

Vievelenglh stahility 10
Fhicton rnaoise &

Calibration process | 4.0
Saftware algonthms 4

Total Instrumental Error

Detector effects 1.5
Pooel inhomogenayby ] 1}
Electon: nose 1
Pl kacation eror
Dietactor tharmal expansion
Feadaud themal ransients 0
CTE I
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i ¥

Ganera | Parameter

Calbration factor 0.B5
Oin sky fiber diameder (%) 006

Instr. Resolulion 100000
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Tropospheric ozone lidar upgrade and automation at JPL Table
Mountain Facility

Author: Fernando Chouza-Kell (329H)
Thierry Leblanc (329H), Mark Brewer (329H), Patrick Wang (329H)

Abstract As part of the international efforts to monitor global ozone, different satellite missions (e.g. TROPOMI) were deployed and others,
like TEMPO, are planned for the near future. Considering the importance of the validation stage of these missions, several modifications
were introduced to the TMF tropospheric ozone lidar to provide accurate and extensive datasets for this purpose. These modifications
iInclude 1) the full automation of the system, which Is now capable of measuring automatically and autonomously during satellite
overpasses, and 2) the addition of a new receiver extending the measurement capabillities of the system down to about 120 m above the
surface. The characterization of this new receiver, based on an ozone sensor carried by a tethered balloon, is also discussed.

System automation

The system automation hardware was implemented in a modular approach in order to
ease its migration to other TMF lidar systems. Communication between subsystems is
conducted via Ethernet interface, while to power of each subsystem is controlled with an
Ethernet controlled Power Distribution Unit (PDU). Since there is no window protecting
the lidar from precipitation, a hardware interlock was implemented to ensure that in case
of precipitation and hardware failure, the protective hatch automatically close.

Remote
access

Router

(T

Control PC
g Serial server Motor controller
-
: -
T Trigger gen
e
A
5 i Laser
0 Met station
; ’v
0
o
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Figure 1. Automation hardware block diagram

The control software is implemented in Python, with a web browser-based user interface
Implemented with Bokeh library. The control software is divided in five different modules:
a web interface that allows the programming of the system and the monitoring of its
status, a scheduler that deliver the program commands to the rest of the modules, a
housekeeping module that controls most of the lidar hardware, an alignment module
that performs alignment on the receivers before each measurement period and an
acquisition module that stores the measurements together with system status data and
meteorological data to help to interpret measurements and help on the debugging of
possible problems.
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Figure 2. Automation software block diagram

Very-near-range receiver

A novel very-near-range receiver was developed in order to reduce the minimum achievable
range of the tropospheric ozone lidar to about 100 m AGL. Atmospheric backscatter is collected
by a 2-inch lens and divided in two beams by a pellicle beam splitter (BS) which minimizes the
overlap difference between both arms of the receiver. Interference filters (IFs) filter out solar
DIAL wavelength before being detected by the

background light and the
photomultipliers (PMTs).

.

reciprocal

——Fs

IF 288.9 nm A
PMT )D | / BS
IF266 nm e

Figure 3. a) Block diagram of new very-near-range receiver. FS is a field-stop, BS Is a dichroic
beamsplitter, |IF are interference filters and PMTs are the photomultipliers. b) Raytracing
simulation of the receiver. c) Photo of the actual receiver.
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As part of the validation procedure for this new very-near-
range receiver, a set of measurements with a balloon-
borne ozone sonde were conducted. Results show a very
good agreement down to about 120 m AGL. This
additional channel would allow to investigate near surface
ozone variability as required for air quality studies.
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Figure 4. Example of measurements conducted with the

new very-near-range channel using analog detection
(AD) and photocounting detection (PC). Surface ozone
measurements are shown for comparison.
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ozone lidar system capabilities to perform
measurements as required for long-term ozone
monitoring as well as satellite validation. On the
other hand, the additional receiver, validated by
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balloon-borne ozone sonde indicate, reduced the
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A 90-102 GHz CMOS Based Pulsed Fourier Transform Spectrometer:

Development of a Portable High-Resolution Millimeter Wave Gas Sensor
Deacon J. Nemchick (329H), Brian J. Drouin (329H)

Introduction
@ We present a system level description of a cavity enhanced millimeter-wave spectrometer that is the first in its class to combine source and detection electronics constructed from architectures commonly deployed in the
mobile phone industry and traditional pulsed Fourier transform techniques to realize a compact device capable of sensitive and specific in situ gas detections.
e instrument, which has an operational bandwidth o - z, employs several unique components including a custom designed pair of millimeter-wave transmitter and heterodyne receiver integrated circuit chips
@® Th t t, which h perational bandwidth of 90 - 102 GH ploy 1 uniq p t luding tom designed p f millimet t tt d heterody tegrated t chip
constructed with 65 nm complementary metal-oxide semiconductor (CMOS) techniques.
ese elements are directly mated to a hybrid coupling structure that enables free-space interaction of the electronics with a small gas volume while also acting as a cavity end mirror. Instrument performance for sensing o
® Th 1 t directly mated to a hybrid coupling structure that enables f p teract f the elect th lg 1 hile al ting ty end Inst t perf f g of
_ volatile compounds are highlighted with experimental trials taken in bulk gas tlows and seeded molecular beam environments. )
- . ) ( ° h
JPL Developed SpecChip Instrument Automated Performance Across Instrument Bandwidth
@ Instrument mimics a Balle-Flygare style pulsed Fourier . . .
transform spectrometer where millimeter wave radiation is @ Bandwidth scanning accomplished — | a) 14500
injected into a resonant Fabry-Perot cavity containing an gas D with an automated routine that iteratively & |9 ¢ | 2 o R AR i -
analyte. ~ sets Tx/Rx SoCs and tunes optical cavity = SVAAA N R4 Ak k-4 bOOOQbQOO Ml T B
—~ ‘ length. § 0o . R Ooo 13000 &
: : : L o G @ 205 | 2
@ The keystone constituent is a printed circuit board , | 9 1 3
(PCB) which hosts all source and detection electronics Tune ZA § 11500 <
including a pair of millimeter-wave transmitter (Tx) and ! 2 \\ l I (s?
. . . . . . han , I ‘ X —
receiver (Rx) integrated circuit (IC) chips purpose built for Lock Tx/Rx PLL 2 0 VIV VTN T 'I’-' MM ’lfl'.“‘ ik , S
this instrument. v - ' ' ' ' '
Set Cavity Length 11b) 0C*S
. c !
CMOS CMOS Power  Operational R4 Record/Process IF [ PCS ,
Footprint  Consumption = Bandwidth ~0.5 J8 </
oY «— 7
S
Nl . . . \CE
<5 mm? 350 W 90-102 GHz l ¢ A single cavity moFIe 1s tracked across >
. the instrument bandwidth each of which Z
. . . l _ was fit with a Lorentzian lineshape to = 0% R o || e
¢ .(?ross mechanical adJ.u.stment of the mirror extract cavity quality factors (also plotted). 5
pf)smon afford.ed by a sliding §tage that clamps % 0C™S =1
directly to vertical guide rods with a piezoelectric - , E 051 oCc*Ss  OC*S
. . . . Ve > 1 — —
stage allowing for precision tuning to sub-u ! s = Quality Effective O"CS Lf}_‘ll i 11
resolution over a 15 mm range. e =2 Factors Pathlength 1 — -
_ = = 4300 - 2800 228 -1.32m .
@ A custom designed hybrid element (coupler 90000 92000 94000 96000 98000 100000 102000
plate) serves as a cavity end mirror while also 7 @ Instrument  sensitivity  allows  for Frequency (MHz)
hosting embedded coplanar waveguide features - observation of multiple isotopologues in a
for the direct injection (detection) of radiation into bulk (3 mT) sample of carbonyl sulfide Isotopologues| OC*S OC*S 0"C*S OC*S
 (outof) the optical cavity. ) (0CS). Abundance |09374 004158 001053  0.0074 )
( ) ( )
Overview of Printed Circuit Board Components Sensitivity to Targeted Pure Rotational Transitions
— ( .
< ( Trigger Out }— : k65 nm CMOS Transmitter 0 Detection limits determined by
A (Ext. Trigeer (1, ))/ Divider || Pulse Generator Pulse intersection of integrated peak volumes
| Modulator at various pressures with noise floor. > o084 .
o—@nt. Trigger (f,,,) Phase Charge Loop 50 GHz 50 GHz z _ ]
\O Detector Pump Filter VCO Buffer (\ . . . . 8 NN 0.6+
4|Pulse Clock (f,,,) ~ Frequency ¢ ¢ 9 @ Linear response indicates operating S % 1
600 MHz > E_q% —HOPA *_@"‘Q/}+ Doubler below the limit of perturbing influences 3 S %]
- 1 £ £ o024
—, Sng 51?3[% Z Type-II Phase Lock Loop such as self-broadening %0 Z 024
W-Band . — 00 ; 1 : 2 : 3 ; )
L1l < 1\/IEI—IZI—IZI—l - — ——(\) < Power Amplifiers (" The. echoes were collected Wlth 50 ns Chamber Pressure (mTorr)
“Sl,mfc’l s ILD excitation pulses where the first Sus of .
1vidaer . .
the FID following the pulse is collected 55l Pressure (mTorr)
§15340 »_[ f..1 1920 ]7 [COUPIGY P 13&’] at a sampling rate of 1Gs/s with a total of | OC*S —— 337
45 - 55 MHz sl 1500 time traces being averaged before E ol J” «— J o- 321
e Fourier transform. }; 8 « 7 o= 272
|| i | % sl 5 294
[65 nm CMOS Receiver Each trace constitutes 1 second = 1.73
Phase Charge Loop 50 GHz 50 GHz of signal averaging/processing ER 1.27
_ SO Detector Pump  Filter VCO  Buffer Low-Noise %J) ' 0.5
- E—ch} SIOISEA +@—>—@+ Fggigllgy Amplifier © Repeated with different molecular 05l
e resonances across the instrument
Standardized Source 48 g/IHi el e Lot Loy bandwidth. 0
(External XA F ) Quartz Oscillator L = = = = = =
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Multimodulus e Amplifier 3 - 2 Frequency (MHz)
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<«{ IFOut )}
@ The 90 - 102 GHz output of the transmitter and input of the receiver with matching bandwidth are @ Results  for  various  mirror #Molecules/cm’
wirebonded directly to separate grounded coplanar waveguides embedded in the planar cavity end mirror geometries can be used to formulate a 3%10° 3%10" 3%10" 3%10"
. . . 1 % : - : —— : ——t—t———
(i.e., coupler plate). generalized instrument  sensitivity : ' '
. o . . . model using databased cataloged o
(W S}Jpportlng frequencies including fTX/ 1.920, Jo /1920, 1 (pulser clock), and fmg (internal trigger), are Spectroscopic parameters. =
provided by a 2A clock generator which is also mounted on the PCB. )
L y L . %‘ 0.1
r . . N S
Summary and Future Engineering Goals E
Q
@ A 177 -205 GHz synthesizer fabricated in 28 nm CMOS has also been developed which will be integrated into the existing PCB electronics to allow 3 00l ¢
for molecular detections in the G-band. 3
Q
@ This multiplexed W-band/G-band system could measure H20, HDO, and D20 allowing for in situ characterization of the isotopic content of water and 7
ice samples. 0.001 A [ A
0.1 o | 10 100
@ Future plans to add an appropriate bandwidth analog to digital converter and fast Fourier transform electronics designed to process just enough bits to Minimum Detectable Pressure (4 Torr)
_capture the dynamic range of the instantaneous IF signal would allow for generation of real time frequency domain spectra. )L )
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Optical link acquisition

Acquiring the optical link in an inter-spacecraft laser
interferometer, such as the GRACE Follow-On laser ranging
interferometer (LRI) or the Laser Interferometer Space
Antenna (LISA), is a challenging problem with many degrees of
freedom. Acquisition is vital to the success of the mission —
without light, there is no science — however, since these
interferometers operate over baselines greater than 200 km, it
is difficult to completely test acquisition on the ground.
Simulations are therefore an invaluable tool that enable us to
understand all factors affecting acquisition of the optical link,
allowing us to plan and test contingencies.
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Figure 1: Optical link acquisition on GRACE Follow-On has 5
degrees of freedom. Relative pointing of the two lasers and the
laser frequency offset are optimized using a number of scans.

In the two satellite GRACE Follow-On, optical link acquisition is
a 9-hour scan that must resolve 5-degrees of freedom: tip and
tilt of the two satellites and a frequency detuning of the lasers.
During acquisition the master satellite performs a hexagonal
scan while the slave performs a faster, Lissajous scan and
sweeps its laser frequency. Each satellite monitors an FFT of
the photodetector signal — recording scan position, laser
frequency and amplitude — when a flash (a MHz heterodyne
beatnote) is observed. The satellites then return to the scan
positions and laser frequency at which they saw the largest
beatnote, optimize the link and are then ready for science.

What can we learn?

In addition to learning the pointing and frequency offset of the
optical link, acquisition can also be used to improve the signal-
to-noise ratio (SNR) of the beatnote.

If the mirrors in the Triple Mirror Assembly (TMA), a
segmented retroreflector, is misaligned, the beatnote SNR will
drop. We can correct for a misalignment of the TMA (referred
to as a co-alignment error) by adding an offset to the steering
mirrors on each satellite. To do this (and to make sure we
aren’t making things worse) we need to measure co-alignment
error to better than 10 urad.

Our plan to measure co-alignment uses the timing of the
flashes on the master and slave satellites during acquisition. A
co-alignment error means the master and slave will see
flashes at different times: the master satellite will be pointing
at different parts of the sky when the satellites see their
respective flashes. The difference in pointing can be used to
estimate the co-alignment error.
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Figure 2: The “System on a chip” (SoC) simulator used to test
optical link acquisition for the GRACE Follow-On LRI.

Optical link acquisition simulator

The system on a chip (SoC) is a full simulation of the GRACE
Follow-On LRI that runs on a Kintex®-7 FPGA KC705
development board. Connecting two SoCs with ethernet
allows a dual-satellite LRI simulation to be performed,
providing a way to test optical link acquisition. Within the
simulation, pointing and frequency offsets between the two
satellites and co-alignment error can be changed, allowing the
impact of these variables on the SNR of the acquired beatnote
to be studied over many acquisition attempts.

Co-alignment error tests with the SoC

The SoC was used to investigate how accurately the Triple
Mirror Assembly co-alighment error could be measured from
the timing of the link acquisition data.
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Figure 3: Co-alignment error can be inferred from acquisition
using the timing of master and slave flashes.
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Figure 4: Co-alignment errors were measured over 24 acqui-
sition runs on the SoC to evaluate the proposed measurement.

The error was found by comparing the size of the simulated
co-alignment error with an estimate found by fitting a
Gaussian to the master and slave flashes. As Figure 4 shows
however, in these measurements the error has a standard
deviation of 17 prad in yaw and 14 urad in pitch, failing to
meet the 10 prad goal.

Updating the acquisition scan

The large uncertainty was determined to be a result of the
185 prad spacing between points in the master scan. To
reduce the uncertainty in the co-alignment error estimate, the
SoC simulations were repeated using the scan in Figure 5, a
hexagonal scan 3 times as dense as the scan in Figure 3.
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Figure 5: A denser scan could reduce the error when
estimating co-alignment error from the timing of flashes.
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Figure 6: The uncertainty in the co-alignment estimate reduced
to < 10 urad when a denser scan was used.

The denser scan reduced the error in the co-alignment error
estimate below 10 urad: the error has a standard deviation of
4.6 prad in yaw and 5.6 prad in pitch.

What’s next?

GRACE Follow-On is in Initial Operational Capability (I0C) right
now. Optical link acquisition will be the week of July 4th,

Based on these results, if the SNR after acquisition is lower
than desired, the denser scan shown in Figure 5 will be used
to measure the co-alignment error and then this will be
applied as a correction to the steering mirror pointing.

Looking ahead, we want to build a SoC for LISA. LISA has three
spacecraft separated by 5 million kms. The longer light delays
(16.67 s vs. 0.67 ms) and additional laser links (6 vs.2) require
a larger FPGA board and more memory to simulate. We have
started looking for new hardware.

We plan to use the LISA SoC for testing the reacquisition
algorithms that will optimize the optical link following
acquisition. Reacquisition has not been studied for LISA but
would benefit from testing as the long light travel times and
slower actuation (pointing will be from spacecraft actuation
rather than a steering mirror) make it sufficiently different
from the GRACE Follow-On reacquisition.
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Figure 5: A SoC would be a good platform to test reacquisition
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What do we know about

the interior structure of Venus?

Not very much.

Venera 13, solarsystem.nasa.gov

* The planetary evolution and structure of Venus remain uncertain more
than half a century after the first visit by a robotic spacecraft.

*  Venus is very similar in size (0.95 Rg,,,) and mass (0.82 Mg, .,) as the
Earth. Venus’ extremely hot surface (>460°C surface temperature)
ensures that the crust 1s much thinner than the Earth. The exact
thickness of the crust 1s unknown.

« There 1s no evidence of Earth-like plate tectonics. However, the
surface 1s geologically young and shows tell-tale signs of local
seismic activity.

« The absence of a planetary dipolar magnetic field indicates the
absence of strong convection in the mantle.

* To understand how Venus evolved, it i1s necessary to study its internal
structure, for which 1t 1s important to investigate its seismic activity
(as we have done for the Earth).

J

Have we detected quakes on Earth
using infrasound?

Yes, we have. Multiple times.

* Infrasound has been detected by ground stations over 500 km away
from the epicenter from earthquakes of even moderate intensity
(magnitude 4.5).

 Earthquake infrasound had never been detected from a balloon
platform. In June 2017, we conducted an experiment in Pahrump,
NV, where we generated earthquakes by striking the ground with a 13
ton “seismic hammer” and detected the infrasonic pressure waves
generated by the vibration of the ground from barometers on a
balloon approximately 300 m away.

Ground-based and moored balloon-based
(aerostat) barometers detected pressure changes
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Barometers detected weak pressure signals from ground motion
and reproduced its infrasonic frequency content. The left plot
shows stack of multiple shots for three different barometers, the
right plot shows the pressure trace and spectrogram for a single

13 metric ton “seismic hammer” struck
the ground repeatedly
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What are some ways we can study the
interior structure of Venus?

3) Classical seismic

- measurements with

1) Infrasound - e surface temp of 460° C £ o
observations at 55 km s = !

and -10° C
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2) Airglow
imaging from
orbit

Cutts et al. (2015)

 Due to the adverse surface conditions on Venus, it is infeasible to
place seismometers on the surface for an extended period of time.
Therefore, seismic activity has never been measured directly on
Venus.

 However, due to dynamic coupling between the solid planet and the
atmosphere, atmospheric fluctuations generated by seismic activity
can be detected in the atmosphere itself.

* Atmospheric fluctuations cause fluctuations in the “airglow” of
Venus in the infrared, which may be imaged from orbit. This method
1s sensitive to strong quakes (magnitude 5 and above).

* Alternatively, atmospheric fluctuations may be intercepted by
barometers on a floating balloon at approximately 55 km altitude,
where the temperature and pressure are Earth-like and sensors can
survive for long periods of time. This method may be sensitive to

representative shot detected by the lower aerostat barometer.

o
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quakes of magnitude 2 and above. Y

~

What about volcanic eruptions?

* Infrasound has been detected from volcanic eruptions by nearby
ground stations and also aerostat-based barometers.

*  We mimic the detection of infrasound from volcanoes in a much
more  cost-effective way — we detect infrasound from rocket
launches from Vandenberg Air Force Base — that’s a free “volcanic
explosion” once a month.

* The infrasonic signature of rocket launches 1s remarkably similar to
gas jets 1n volcanic plumes. We have been able to detect these

signatures from over 200 km away for 7 launches since November
2017 (including the InSight launch on May 5, 2018).

 These data will help us study volcanic signatures and also develop
source strength and location inversion techniques.
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Key Takeaways

\
What is infrasound and how can we use

it on Venus?

“Infrasound” is the term given to pressure waves with frequencies
below the limit of human hearing, 1.e., 20 Hz.

Motion in the solid planet generates disturbances in the atmosphere.
Volcanic eruptions can also directly deposit energy into the
atmosphere.

The infrasonic, low-frequency part of these fluctuations can travel
hundreds of kilometers away from the originating event and 80-100
km 1n altitude with relatively little damping.

Venus’ thick atmosphere couples energy from the solid planet into the
atmosphere 60 times better than the Earth — the infrasound waves are
almost exact replicas of the vertical ground motion profile.

Aside from studying seismicity, acoustic measurements from balloon
platforms can also investigate Venus climatology and atmospheric
dynamics.
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Where do we go from here?

To Venus, via Sweden, Nevada, and Oklahoma.

The Payload for Infrasound Measurement in the
Arctic (PIMA) will fly as a secondary payload on
the PMC-Turbo balloon flight from Sweden to
Canada in June 2018 at an average altitude of
130,000 feet. This experiment will measure the
stratospheric infrasonic background and will be the

first test of our sensors 1n a stratospheric
environment.
i- We will deploy an aerostat and a free-floating
balloon with two barometers on a tether over
w [ oacsmen o) sub-surface explosions in Nevada as part of the
S1em 10metrictons — 9018-19 Dry Alluvium Geology (DAG)
G- c
| ominiws  experiment. The energy released by these
explosions 1s much larger than the seismic
DAG-2 (October.2018)  hammer and infrasound detection will be
’ 300 m, 50 metric tons .
+ | pacuunez0s  attempted from over a mile away.
385 m, 1 metric ton

Earthquakes since January 1, 2010 (Mag>1)
40.0°N

Oklahoma has the largest concentration of
carthquakes in the continental United States.
On average, there 1s a magnitude 3 earthquake
in Oklahoma everyday. We aim to fly a
loitering balloon over Oklahoma to detect
naturally occurring earthquakes in the
stratosphere. This will be the closest Earth
analog to Venus and a first of its kind
experiment.
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It’s time to unveil Venus.

* Venus’ surface is too hot for electronics to last long enough to study its seismicity and internal structure.
* Seismic events create pressure disturbances that can be measured from balloons floating in a cooler Venus environment.

* We can answer a lot about Venus’ interior without needing to land on it.
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Kalman filtering as a novel approach to determine

celestial reference frames
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Celestial reference frames

CRF

defined by

Location of radio
sources used in this study

coordinates

of extra-galactic
radio sources

Image of radio source 4C 39.25
vibi.obs.u-bordeaux1.fr

as observed by

60°N|
Very Long Baseline o]
ol
l
|

0

. I

- . I
. I

|

Interferometry (VLBI)

30°s

60°S I

180°W  120°W  60°W 0° 60°E  120°E  180°W

Location of VLBI telescopes
used in this study

VLBI telescope, nrao.edu

Accurate CRFs are needed for the navigation of NASA’s spacecraft

(and for several other applications in astronomy & space sciences)

Assumption of constant radio source

coordinates — in reality, radio sources are not point-
like, but exhibit structure and changes therein

Problem of

current CRFs

CRF defined by coordinate time series from

Kalman filtering — to take into account variability
in radio source coordinates

Computation of CRFs

First step: computation of a CRF using all observed radio sources

Constant CRF

e Least-squares adjustment
* Input: single session VLBI data
* 4097 radio sources

Most radio sources have been observed
less than five times = constant model
computationally very efficient

Second step: computation of a CRF from well-observed sources

Kalman filter CRF

e Kalman filter Irregular behavior of radio source

coordinates (e.g., due to source
structure) =2 Kalman filter time series
able to capture these non-linear effects

* Input: residuals based on
constant CRF
e 822 radio sources

Time frame: 1980 — 2016.5

All computations based on VLBI data: _
Number of sessions: 5446

National Aeronautics and Space Administration
Jet Propulsion Laboratory

Kalman filter setup

Kalman filter & smoother for radio source positions
Refined stochastic model taking into account:

Source-dependent process noise Jet directions

obtained from the Allan deviation of radio source obtained from radio source

coordinate time series images. Usually, there is higher
+90° variability along the jet. The

I4OO process noise is scaled

accordingly.

-12h +12h

PSD [uas®/day]

Results: CRF solution examples

0119+115 4C 39.25

ICRF2 defining source ICRF2 special handling source

da cos 0 [mas]

.ol R + Single-session coordinates —_— + Single-session coordinates
1.5 1 © 7. e | |——VCRF Kalman filter - -1.5 1 " : |=—VCRF Kalman filter
oo T VCRF constant ' VCRF constant
2 * | ——ICRF2 2 ——ICRF2
2.5 — —— ' ' -2.5 ' | | -
2000 2005 2010 2015 2000 2005 2010 2015

Kalman filter CRF (red) tracks irregular coordinate variations
in the observed VLBI coordinates (blue) unlike the constant
frame (yellow)

CRF solution evaluation

Source coordinate offsets RA
estimated in VLBI analysis cos(DE
with respect to a priori CRFs
CRF constant 576 728

CRF Kalman filter 336 470 586
A(KF — constant) -22% -18% -20%

Improvement when
using Kalman filter

Conclusions

* Successful determination of a Kalman filter CRF: time series
radio source coordinates take into account irregular coordinate
variations, e.g. due to changes in source structure

* Kalman filter CRF is consistent with a complete constant CRF

 Performance in VLBI analysis: estimated coordinate offsets
improved by 20% when using Kalman filter CRF

www.nasa.gov
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Mineral and Organic Characterization with an Instrument

Payload on the LEMUR Rock-Climbing Robot

Author: Kyle Uckert (347C)
Aaron Parness (34/M), Rohit Bhartia (3225), David Flannery (3225)

Introduction:

Planetary caves are desirable destinations for future robotic astrobiology investigations. A
rock-climbing robot equipped with an instrument payload designed to identify biosignatures
and characterize subsurface mineralogy Is ideally suited to explore these extreme

environments.

ODbjectives:

 Develop a suite of instruments to detect biosignatures In
extreme, extraterrestrial environments.

 Define field operation procedures to autonomously and
rapidly identify biosignature candidates while minimizing

data acquisition time.

e Characterize the mineralogy and spatial distribution of
organics associlated with biovermiculation patterns and

stromatolites /n s/tu.

Field Operations:

 Develop a focus
map (right) of an
unprepared target
from a stack of "
context camera
Images.

e Autonomously identify regions-of-
Interest (ROI) for detailed follow-up
measurements based on rapid, low-
resolution fluorescence scans.
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PASA (NIR Spectrometer):.
 1.6-3.6 um point spectra
« —~1 kg optical head, 30 W
e Data Product: mineralogy

wavenumber (cm 1)
4250.0

5250.0

IR spectra of hydrated and
anhydrous sulfates in FWC

3250.0

0.20

0.15

reflectance (arbitrary units)

0.10 |

[
o
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0.00

2.0 — 25 30 35
wavelength (um)

Intensity (counts)
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Skylight Cave

APE (XRF Spectrometer):
0-25 keV XRF hyperspectral image (2x2 cm,

100 pm resolution)
~1 kg, 4 W

Data Product: elemental composition map

bng a We ,

basalt
biomineralized precipitate?

0 5 10 15 20
Energy (eV)

25

inBig
aI@_s NM)

THEMIS ifnage of a skylight exposed by a
crater chain (Arsia Mons)

=
-
g

LEMUR (robotic platform):

 Climbs varied, uneven, rocky
surfaces autonomously using
LIDAR point cloud data inputs.

 Anchors itself to surfaces with
hundreds of sharp microspines

 Fielded on basalt (EI Malpais
lava tubes, Pisgah crater) and
granite (Granite Mountain
Range).

GURILA (DUV Raman/Fluorescence Spectrometer:
e 268-434 cm (fluorescence) 500-4000 cm (Raman)
hyperspectral images (2x2 cm, 100 pum resolution)

e ~7Kkg, 70W
« Data Product: organic and major mineralogical
composition map

- PMT
detectors

spectromete

Raman spectra of characteristic
carbonates and sulfates

300 |

250

200

150

Intensity (counts)

100 | L\ ahgned with APE

50

0||||||||
0 500 1000 1500 2000 2500 3000 3500 4000

Wavenumber (cm~!)

Conclusions:
 Measurements of astrobiologically relevant targets with the

LEMUR instrument payload reveal:

e Agueous alteration history

 Trace elements

e Organic and mineralogical composition
 Autonomous ROI selection reduces data

acquisition time in the field
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Driving Energy Estimation for Mars Rovers
Using a Newly Developed Single Wheel Testbed

Author: Shoya Higa (347), Masahiro Ono (347)

HIGHLIGHT:

 Developed the new single wheel testbed to acquire the wheel-terrain interaction data under controlled environment
« Allows single-wheel test both indoor and outdoor

MOTIVATION:

Future Mars rover missions require energy-optimal navigation.

For energy-constrained missions, path planning that accurately
predict energy consumption before the rover travels is essential.

To develop energy consumption model of rovers’ mobillity, collecting
motor current with wheel-terrain interaction Is required.

Original Image Terrain Classifier (current) Energy predicter (future)

GOAL OF THIS RESEARCH: ._ o e | Control variables:
.. . . : 0o : M N  Wheel speed
e Set up testbed and collect data needed for driving energy estimation MR = . . Wheel load
. i, el & e —— - . Slip ratio
 Traction drag

FEATURES:

Operates both indoor and outdoor environments = TR T e — === Measurements:
Drives with free- or forced-slip conditions A" | s e e iy * Slip/Sinkage
Takes additional weights to simulate arbitrary wheel load E/':rgﬁg:;ir:
Operates with CLARAty and ROS

EXPERIMENTAL SETUP:

Target terrain: rock plate, flat sand, two rough sand terrains
Test wheel: Athena rover’s wheel

Wheel diameter: 20 cm, Wheel width: 12.3 cm

Wheel speed: 3 cm/s , Wheel load: ~18 N

PROCEDURE:

1. Place the portable single wheel testbed on a target terrain
2. Run the testbed 1 m and measure wheel current with wheel-terrain
Interaction data

Rough sand (b

RESULTS: Firm/loose sand; free slip Rough sand (a); free slip
« Detected current oscillations due to 2288 R —— 2288
wheel surface geometry (lugs) when §400 %400

driving on firm sand or rock plate S 300 S 300

Detected significant difference in G ?88 : fgg
current profiles between different S 0 S 0

e e
terrain types = 5 15 25 35 45 = 0 5 10 15 20 25 30 35 40
Further data collection is needed to Time [s] Time [s]
COlleC_t SUfﬁC'eDt data for training Rock plates; free slip Rough terrain (b); 16.7% forced slip
machine learning model —.600 —.600
On a rock plate On a rock plate <
g 500 = 500

FUTURE PROSPECTS:

5
. . &)
e Acquire wheel current data on various / 5100
terrains by single-wheel test S

0 5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40 45 50 55 60 65
Time [s] Time [s]

 Develop an energy model of a wheel
based on current measurements

National Aeronautics and Space Administration

Jet Propulsion Laboratory
California Institute of Technology
Pasadena, California
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Infusion of CMOS for Radar and Spectroscopy

Author: Yanghyo (Rod) Kim (386-A)
Adrian Tang (386-A), Theodore Reck (386-A)

Ku-Band CMOS FMCW Radar for Snowpack Remote Sensing

Advent of CMOS Technology

CMOS Technology Evolution Nano-Scale Device Existing Snow Sensing
Transistors Microwave IR Optical
| “Reduced cost is one of the big ~_Nom inal feature size Snow Cover Estimate Reasonable Excellent Excellent
attractions of integrated y N Snow Depth Estimate 40 % Error N/A N/A
electronics, and the cost - -
advantage continues to increase Attainable Resolution 25 km 100 m 10 m
as the technology evolves Snow Density Estimate >20 % Error N/A N/A
toward the production of larger K 361 S ¥ SRS : :
and larger circuit functions on a S o o T - - .
single semiconductor substrate.” = Drastic snowpack retreat in Sierra New Approach:
El ics, Volume 38 . - :
N:;‘;zpsﬁsﬁpgl‘;';fmgs = 60% of California water supply * Design low-power/volume CMOS radar
RN - | g » Need for accurate SWE estimates = Fly over mountain on small air-craft
# 1965 Data (Moore) : ‘l;;f.'J,;‘,j;h;‘llla””'""-‘-’ oo, — = Snow cover, depth, density : :
i‘ ’ S | = This work: Radar for dry-snow depth System Considerations
0.0 — e 4 | D Parameters Values
- , ry-Snow Propert _ .
1960 1965 | 1670 1875 1980 1885 1890 1995 2000 2005 2010 1970 1980 1990 2000 2010 y perty Antenna Size (A) 30 cm (aircraft payload)
kU B EelSSEC 2005 Source: Intel ¥ —Desty=oz e Transmit Power (Pt) 0.5 W (available hardware)
= 5 decade long Moore’s law » Industry main stream: < 28nm 50.6 = [D)ensi:yzg.g glos RX Noise Figure (NF) 7 dB
i " i ; i : == Density = 0.6 - :
= Device scaling and integration * 7nm In production 1:/0 A ° Sgly 210% Bandwidth (B) 2 GHz (from resolution)
= Explosion of consumer electronics = 65nm available at reasonable cost g - = Parameters Values
§) O S i S : DiameterfO.Zm - -
CMOS Device Perf Standard Logi < — 7 Bt Range/Altitude (R) 100 m (avoid trees)
evice rerrormance andard LoglIC 5 = 75 fs 107 - Danetriom Scatter Coefficient (o) -12 dB (worst case)
1000 e 10,000 ¢ ——el 7 100 Frequency (GHz) Frequency (GHz) Temperature (T) 250 K (worst case)
— c C Processor freq ] . . .
N " £ :'E?Elpowerpc scales by 2X per | = Consists of air and ice Snow Losses (S) 10 dB (from study)
< E = o s+ a Gaedemproc  9ENeration =7 = Absorption dominates below 15GHz
2 L - | x = Scattering dominates beyond Ku-band System Block Diagram
> EnS 3 5 = Select Ku-band for dry-snow depth Ftter
c ; N [ i
& E83° < ) - - D———— s
g’ u:-, g Osc. Freq. = g SyStem SImU |at|0n CK@esToMH—D T T' Pre-Driver i PA Transmit
li'f P o) © o a0 x10% 400 Trigger —@b{ DDFS [»{ DAC ! PEE/ - Il;ﬁ'f:apr H@:{ﬁ:% : q
g 10 1l 100 8 d ) o o i T [ S o
= 262.4 i %’ g ! Phase vs Freq. g FCW [18:0] ivider T
g o ;‘,’Z 423 Freq. vs Time g ° Phase vs Time g (2) : i - . Ref. Freq I(DZI./ZSG)
T . . 131 311 0 T 05 1 2 alis! Y .
g [1 [{;] [3] ’ 0?ime (ps)3 ° Tiorge (ps)200 30 ° Freque?n?:y (MHz)0 Frequencly (MHz) AI—/—’_LLL LO-Driver LNA
t h
1 AN N N T T N N N M N O O O O B 10 - . | . | . . . . . 1 A15X1015 A4X1°16 : g 16 Mixer 9_<]j Receive
88 90 92 94 96 98 00 02 04 06 08 10 5~ 2 9§ 2 B8 5 2 T 8 g iy pr § | e fomave Sisal  /\ LNA
Year @ o o > o @ @ 29 S 2 3 Phase vs Freq, # g2 # 2 1506
- ] g3 j: g 15.04 . USB‘ 'FAMF’%
* f;, Trax OF 65NM exceeding 200GHz = Reduced unit gate delays per clock oo B o T e uE
. requency z ime (us Ime (HS asp. | DAQ
[ | - - - - . PI3
Avenue to mm-wave amps, synth, etc = Avenue to high-speed DDS, AWG, etc = Proves direct-chirp generation _ Use
_ _ _ _ = Synthesizer based FMCW radar
Major Benefits to NASA Instruments: Size, Weight, and Power (SWAP) Implementation = Ring-VCO: Wideband chirp (2GHz)
- TTOOTERCH S P — » |[ntegrated DDS, DAC, PLL, TX, RX, Mixer
= § ELNA i USART | H R e '
IEE;OUT‘ T _: Ma
. . . . R g I};gijT ;:::::::::.E(I Efg) _.DDFS ; e 2 [
Instrument Objective & System Simulation System Block Diagram = SR i oDl § e
Frequency Domain e "‘ 2
i g I: VP A/D D<6:0> _§ . E—: : é.“ “-.gPrc-Driver é """"" iDAC j—J; .....
£ VN ° g 2 g % C errigour U0 LTRREGE 00 | | N
B o | D(E\,'\g)x D] opERRS<2 D(gv’\\:lai)x D<31:05<2:0 % — E —>§ | & [ PATA — i B
i e rine S * ATTEN 40dB VAVG 0 =
v . A/D 7 | “RE turn Slgnal @ll = 1 RL 30.0dBm 10dB/
Shape;j Noise A/D ‘ ‘DRCerg]:\igtT \';'Vﬁfrlgg‘vi\ll_LFFT/PSD - Accumulator ( Readout T T T T UL N ; MMHH!MMM Hﬂ ”M ’IMMHM N I >GHz -
Clock Management —I | — | £ 2 _ @ 0 S C mEmmmmee ; — .: . 2 5T Show Caver
' . | P— T 2 mvidiv 210 ATy oq | Jj SompleRate:20MSs - . |
. ; AID i \ | \ \ 2 2 ; SRR I | T N A N S N _
2 N 100 ; UMX USX FSMR UCK o s - v 0.05 5 : :
< 1 1 ” Replica FH = CLK_SEL g VETRE ‘E%’ -40 % 0 : :
- Time g“’“phxw“ Potmesape 0 R Tine stmgle 0 * O b 0 Binzgﬂf"nbcr 4000 g gl m p,_i :28 g -0.05
Time Domain x Single PSD 1024 Times e o sl 0 100 200 300 400 500 S'I'_Aﬁ13 000GHZ > 01 b P NEMIE A
] Averaged Spectrum SENSOR OUT - . C%K & Time (us) RBW 1.6|\/|HZ VBW 1'SJ|\?5217'OOOGHZ ' :. ; : : ' .
» Detection of low SNR content by averaging | | » One external PA and DAQ 0 o aw 0 0 e’ ot 6
» Essential in heterodyne RX for spectroscopy " Interleave two of 3GS/s ADC for 6GS/s : - Y ticall kaged
- ADC lica for bi librati = Measurement confirms ermetically package
- FEPIRS T Dies caltbration - = CMOS TRX Power Consumption: 252mWwW = Successful snow depth detection
Analog Core Design oo = DEMUX and RETIME for timing requirement
Referece ot [fg;g;f _.e=m || » ONn-chip FFT/PSD/Accumulator (SRAM)
s> 00 T, » On-chip PLL for clock generation
T ;.&LD% o] | e » Integrate all to replace power hungry FPGA
[ [ ‘;M INO I WOPZ I - . . . .
.» x i . . nstrumen v m Block Diagram
A > (i ot T Data Elow and Clock Calibration strument Objective &Syste ocC agra 183GHz CMOS Synthesizer Design
— T T —{>— ° THa<7:0> [ReRy——— i T 333.3330s [ 28nm CMOS RX 65nm CMOS Spectrometer Coop
o D1 T THA o Filter
_:Mﬂ sng [ T R.erncl? 10002 ) 15fF |N4’I>—> ->I>—> ADC | FFT b=lAccumulator=sSPeECtrum p 1 f e —
PREAMP Comparator 5005 ;' T.E‘A I aoczek L LT LT LT LT LI E% ; \ ouT VCO ILB 183GHz LO Path Signal Path
Array Array i |_T:|.£ ADC1<6:0> X DXl X ;3 X I;(S X E;(? X X X X _ 8; InP LNA LNA IFAMP |IF AMP L cp @_@ Doubler Amplifier Mixer LNA
o~ fin=2976.5625(;000MHz DEMUX CK A | | f | IN 44 MHz Xmolifi
- ) S FDR 46,6808 ;15fF Frequency </ Div. 64 1<l Div. 16 mplifier 183 GHz
o S .50 . . DEMUXCKB | f | f | f T = Synthesizer ‘I )
2 8 Lomesn N S ey BN b > o ILFD F
s £ [posres L L 1 e » Detect 183GHz water vapor absorption line synthesiezer path \/ émpathY AMP
S o e TN B Tjﬁ - = Integrate LNA, Mixer, 183GHz Synth, IF Amp N ﬁ i
o L | omesr T T T o i on | = Pair with external 183GHz LNA () UL L L e
ime (ns Voo - - P
PSS IR R o) o | i ; = Pair with developed CMOS spectrometer e
% 0:1 '{-(1"1\1 {_‘m\‘l “» RETIME CK D | | f_ %05 .,-0,5/ 3 :J'
= : : RETIMED DATA A <6:0> D1 D5 _§ ' I [ - :
ﬁ:%%'ﬁ g 9 ,jr ki {’J \—l\ l"‘-. RETIMEDDATAB<6:O>§ D3 § D7 § E Impl . ttlon S| [ o:g [ 20-bit jor N: Number of SW ON NNZiO 10
E b 3“\,,»-'FR ; ‘1\ RETIMED DATA C <6:0> X D2 X D6 X <0 : M’-‘iF': "'/"I [5) I § B poeap j ”.“ Egﬁ?
iPo— 'E(E)FP INo— lB(E)FN -0.2 “ EFO RETIMED DATA D <6:0> D4 X D8 X 0 Time (ns) 0.4 g .-" i :Cik/izgzt | "_><_|I "_| W-t;?nd _;-Jfg
y e 666.667ps . : Buffer /
PREAMP<7:0> B> = = 0 Tizme (ns) A | - RETMECRe | (S s ! "600“5'5 B W-bandveo L T o
m— = == S 1 ey A
- - - = mplifier 2
= 3-bit Flash ADC for simple and fast design renmeooaracson- X o2 [ o¢ T LN S 183GHz LO Chanin e 100GHs
] ] - . RETIMED DATA D <6:0> X 4 X 8 X i ; Frequency Doubler
= Differential signaling to cancel clock feed 0 oI 00 003 Desion W-band thes
. . ign - n n l1zer
p ble Ref Generat " Slow-down and parallelized for FF T - Digitally controllad frequency tuning strips
rogrammable Reterence Lenerator » Coarse and fine tuner for DEMUX/RETIME giaty 9 y 9 P
= | * On-chip doubler and 183GHz amp for LO
REF6<7:0> o) H : : : : =
LA R RN SN WS NS N Implementation
%REFNO 2 Operating : A i e L TaPiza—am B Measurement
_g ;Wind(?w T
REF5<7:0> @ > O REFP5 E= ) | R e S 1
id = |
@—OREFNl o — 5 B i ‘
: " v L}OUT NI4T IR R Samitbicin, ™ ™
° vBo—| ' P K e,
cesocton [T T il 50 100 150 200 250 \ Hy
ﬁ o : | -’_q ‘htl I’ ,:.*.“.'l !
. ' — - B r— '
» R-2R DAC for programmable reference = All integrated in a single chip |
= Interleaved channel mismatch calibration = Key in future mu|t|_p|xe| array instrument . Waveguide probe for Chlp interconnect = CMOS RX consumes ~0.5W power
National Aeronautics and Space Administration Measurement = Requires one external LNA = Water line detected by frequency switch method
Jet Propulsion Laboratory i I ) Y
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Low-loss Silicon MEMS Phase Shifter Operating at 550 GHz

Author: Sofia Rahiminejad (386)

M. Alonso del Pino (386), C. Jung-Kubiak (389), G. Chattopadhyay (386), T. Reck (386)

Background

Today mapping is
done by re-orientation
of the space craft
or mechanical
scanning
Unfortunately:
,' Todays phase shifters
cannot operate above
200 GHz. High resolution

mapping needs higher

(] 210 = /.

JPL wants tt\
be udy:
« Atm ositions

« Surface old bodies

Proposed solu
An array antenna using
phase shifters to
electronically

‘0

steer th

beam

tion:

Objective . -
Design and fabricate a Si MEMS

Operating between 500-600 Gz
Achieve phase shifts between
OSSO

Low loss i.e. S11 <-20 al[.
Fabricate the MEMS phase shifter
with S micromaciining.

Achieve different permittivities in
the Si by introducing a periodic
hole pattern, thus achieving the
desired phase shift.

S

Accomplishments . " - °*

Two phase shifters were designed
« One 180° Phase shifter

Both phase shifters have a span of 1&0°
phase shift.

The reflection coefficient (S11) is below
=20) @3 between S00=00 @z

« For all poistions of the Si slabs.

A Si micromachining process plan is
presented.

The permittivity of the Si slab is changed by
introducing a periodic hexagonal hole
PAELERINE

By moving the
Silicon arms
into the

Design Process plan

1. Voltage is applied
over the pads

waveguide, | o - :
differgnt phase 4 y 1. An oxidized 4” SOI 5 ;
shifts occurs L — A o 4 (Silicon on Insulator) Si >
depending on wafer is used. The
the position. 4 “insulator” in this case
SiO, is used as an etch .
stop.
2. The top SiIO, is Si sio,
patterned with -
photoresist (PR) and '
etched with Inductive sio,

Coupled Plasma (ICP).
The patterned SiO, acts
as a hard mask.

Waveguide

N

Waveguide

u

The wafer is flipped and H
the backside is

il 3.
- By introducing hexagonal

3. The Si slabs holes into the Si slabs, an patterned in the same
moves into the artificial permittivity can be wa in step 2
. y as In step 2.
waveguide achieved. \ ’ 1

- Depending on the density, the
permittivity can be anywhere

0000 e

aveguides ST / between 1 and 11.9 ] ]
. The backside Si is etched
Four cases of interest. A with an optimized Bosch
and B are each, one 90° Pe I‘fO Fmance c . + g:;c:lcgsls: (::gim:tmg SFs
! Siab: ] expos4u|?e). ] | | || |

2x90° phase shifter 180° phase shifter’

Full

0 ] | I—Empty
—Full - —Full
. —A-in B-out il
-— - Ao —#in Bout|
—Empty 20+ _ _
e , N\ R = 5. The wafer is flipped backJ L U L
A-in, B-out S . =-30 and the front is etched ||
N — 2 in the same way as in
— 40 sl step 4.
g J _ _
50+ -50
' . ' | -60 - - - .
500 520 540 560 580 600 o 520 b4l  ak0 a0 60 6. The SiO- is removed
Frequency Frequency . h 2 ) ] | | | | |
B The reflection coefficient S11 for when:. with ICP and left is the
B The reflection coefficient S11 for o o MEMS phase shifter.
« the Si slab is completely out of the waveguide (red)
the four cases. - the Si slab is completely inside the waveguide (blue)
(
Empty 200 _— | s
Full: The Si slab is HIHﬂMS!llL"!HE!Hﬂ’;;” fl;,"' I T ) |
A I s Phase shift “the waveguide i SR S | :
- 150 1 . 150+ A I. | ' T;-_.;'> i 'a'[? it SEM Image Of the
depending on L 1 MEMS motor
\_ &= how much the Si = NI NZANIN N ] | L N
& uc 5 NN, NN and
National Aeronautics and Space Administration @ 100 1 slabs are inserted g 1007 mwlwml ! T p— - T Si slabs
Jet Propulsion Laboratory ;EU into the ;Eu Eﬂfmﬂﬂ AN I
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Differential Absorption Radar near 170 GHz for Remote

Sensing of Boundary Layer Water Vapor

Author: Richard Roy (386A-Affiliate)
Coauthors: Ken Cooper (386A), Matt Lebsock (329J)

Introduction

Problem: Passive humidity sounding instruments have limited ability to perform high-
resolution, unbiased measurements of vertical water vapor profiles in the presence of
clouds. This deficiency in the existing network of remote sensing satellites constitutes
an important gap to be addressed by new technologies, with impacts on both
numerical weather prediction and climate data records.

Proposed solution: Millimeter-wave differential absorption radar (DAR) offers a
unique, active remote sensing system for measuring humidity inside of clouds. The
167-174.8 GHz DAR discussed here builds on years of sub-mm-wave radar
development at JPL, and utilize state-of-the-art solid-state G-band components, also
designed at JPL. Additionally, from an airborne (or spaceborne) platform, the radar
returns from the Earth’s surface allow for measurements of total column water vapor.

Earth science applications: Scientific questions that can be addressed with these
high-resolution, in-cloud humidity profiles include the coupling of cloud cover to the
vertical distribution of water vapor, the dependence of ice-crystal growth rate on
humidity, and the vertical transport of water vapor within the boundary layer.

The differential absorption radar (DAR) method

« Same methodology as the mature differential

absorption lidar (DIAL) technique £ff
c 10- 1 12 N
 Exploit frequency-dependent absorption in the .g oslt 4 4
vicinity of water vapor absorption line (183 GHz) % 0.6
 Assumes frequency independence of reflectivity é 0.4 1 |"77
and extinction from hydrometeors 0.2-
« Measure ratios of radar echo powers from different 17F0 180 1(§OH 200
ranges = hardware systematics (common mode) requency (GHz)
cancel out

e Use relative measurement to extract absolute

humidity
Pe(TQ; f) _9 Hf(f) " / /
X € Gﬁ(ﬁ’m’f)j a(rla ra, f) X p’v(r )d?’

Pe(’f’l;f) o — T
e N\

One-way optical depth proportional to line
Range-resolved echo power . -
shape function x and average humidity p,

1

The vapor in-cloud profiling radar (VIPR)

* Proof-of-concept, airborne DAR |
for in-cloud humidity profiling VIPR airborne radar concept

e Surface returns enable total K\ 7 Detected Power (arb. dB)
column water measurement ‘)_3 -

 Tunable G-band transmitter (up to ;

500 mW) spanning restriction-free § f §
(IUT) 167 — 174.8 GHz band ? v,

« Radar operated in frequency- 5 5
modulated, continuous-wave g Noise floor set by
(FMCW) configuration to maximize recelver noise and
sensitivity given transmit power ; $ ¢ § ¢ ¢ ¢t surfacelclouds >
imitations e e —

 Novel mm-wave components ‘
designed at JPL include:

1. High-power, GaAs Schottky Radar block diagram
diode frequency multipliers 167 G |
2. InP low-noise amplifiers (Ty = fre= 30.5 GHz ® 460 MHz chirp  refeaar
500 K) O b= =T\
3. Polarization-based Tx/Rx 10 MHy Wire gri'av H
- : : A A N
duplexing (90 dB isolation) et > SR
FMCW radar basics (%1 InP LNA CircuI}'
+ GaAs mixer | polarization
 Carrier modulated with linear chirp = ) Qe }—rating
: ! flo= Fry L aar

« Homodyne detection converts time- +1467 MHz X2 gaeyp, Y SO MHZ

delay of echo chirp to static +2 @ oz
frequency offset in IF band (f,r) ADC :\\ — Kyband

« Taking FFT of IF signal reveals 8 MHz — G-band

range-resolved power spectrum
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Radar signal processing developments

Subtracting off noise floor contribution to detected power spectrum critical for accurate
humidity retrieval

Need to characterize noise floor in real time, since it can change due to changing scene
brightness temperature (e.g. different surfaces) and hardware drift

Use sequential frequency chirps of opposite slope (i.e. triangle-wave) = radar spectrum
reflects about zero-range point in IF band = acquire noise spectrum in real time and no loss
of duty cycle

Implemented data acquisition software in Python with real-time signal processing, data
compression, and display — resulting duty cycle >90%.

Chirper Frequency
Detected power (arb. dB)
A0 N
- o o

Triangle-wave chirp for noise floor subtraction Data flow diagram

Set transmit frequency and clear A/D
card buffer #1/#2

Trigger A/D card and chirper

Average of 1000 pulses per trace

«— Residual Tx/Rx
leakage Parallel data acquisition and processing

- — — - —_— —_— —_ —_ —_— e —_— e e _— —_— —_— —_— —_— —_— — —

A
o

1. Acquire N pulses
for current transmit
frequency

1. Load N pulses
from previous
transmit frequency
from buffer #2/#1

Up-chirp Down-chirp
cloud signal cloud signal

2. Transfer data
from A/D card to

2. Apply window and
perform N FFTs

Time

-50 - buffer #1/#2 (parallel) +
compression
—60 - . | | i ' Ensure transfer from A/D card to PC
4.0 4.5 5.0 55 6.0 buffer #1/#2 is complete
IF frequency (MHz)

Ground testing and humidity retrieval

We currently have an operational ground-based radar, and have performed tests of the
DAR method and associated retrievals in preparation for airborne measurements.

*Radar pointing angle: 30°
above horizontal

*Chirp/pulse duration: 1 ms 15} 6rehz
-Radar range resolution: 2.5m | g ' /‘”‘ o ad
. g 507
12 equally spaced transmit s 0;/ |
frequencies from 167-174.8 GHz | ; | differential 't}
_ _ LTI attenuation | m
*Pulses acquired per transmit _10l i

frequency: N, = 2000

*Average N, radar power spectra
and subtract noise floor to get
echo power, P,

Experimental parameters Cloud detection and differential absorption

observation at JPL (March 14, 2018)

1
¥

Power spectra normalized to value at 100 m

200 400 600 800 1000 1200 1400
Range (m)

9 —2a(r,f) Plot power spectrum scaled by r 2to reveal
r Pe(’r? f) X Z(T)e } range dependence of reflectivity Z(r)

Retrieve humidity by fitting absorption line shape
» Three example fits for different signal-to-noise ratios (SNR) . Humiditv profile retrieved from above bower shecira
Note: Arbitrary offsets added for displaying purposes yP P P
c 8¢ ; Ff=6|30m,sNR=40| I I_ ‘ | - — RH=100%
'EE . A F=1070m,SNR=5 =T = 200 m /" ] m 125 ¢ Retrieved profile -
=) Fi=1240m, SNR =04 ’./" = ++
E 6 ’—’,!” 9 +
S T > 10.0f % b .
E .‘——"."——.“-‘* g M
 4r ¢ 8 75} ¢ + |
o 3 --~&" = ¢ ¢ $ ¢ ¢
o heden e A & ¢ ¢ R t44
:'3_ 2 _‘___1_.__-———-‘—--" 2 5.0t + + ++ + ®
:% S T RS S % 25t ++ +++ 4
=S NP S S b =
168 170 172 174 00500 200 600 800 1000 1200
Frequency (GHz) Range (m)

Conclusions and outlook

» A proof-of-concept humidity profiling cloud radar has been successfully tested from

the ground, with high-resolution humidity retrievals implemented.

» The radar architecture includes many state-of-the-art components, employs novel

signhal processing techniques, and features high duty cycle operation, all of which
enable future airborne measurements with high sensitivity and high throughput data
acquisition.

» Near-future plans for the system include the installation of a 60 cm primary aperture,

and corresponding 20 dB increase in gain, and validation of measurement accuracy
from ground-based tests with coincident radiosonde measurements. The VIPR
iInstrument will subsequently be deployed from an airborne platform.
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Let’'s Put Something New on that Spacecraft Boom —
Quantum-Engineered Silicon Carbide Solid State Magnetometry

Hannes Kraus3®°R, Corey Cochrane?®°", Phil NeudeckNASAGRC David SpryNASA GRC

T Cassini V/SHM - o
Cassini - eIQCEOTff a I
V/§HM : ) m____=0.71kg m_ <0.1kg Silicon Carbide
IZ T SEE M, = 8.82 kg M, < 0.4kg _ Solid State
A I o a4 | P~12W P<1W (antlclpated) : Mag etometer

Helium magne-
tometer

F A " AR [ I sensitivity ~100 nT £

JTMAGNETOMETRY

agln o - ' o e - r On . . .
4H Silicon Carbide (SiC) ;;,q-wca”’ertee external magnetic field
B s on sensor

T T External (planetary) ma-
gnetic field lifts spin state
degeneracy

4

Diode current changes.
JError current” is detec-
IOI 1 I1(I)OI ted

carries optically and spin-ac-
tive quantum centers, e.g.
silicon vacancies V.

External
(planetary) field
ﬁ

Strongly simplified Zeeman splitting
VSi Cal’ry a 3/2 spin quartet, E _ RF-free zero field resonance N Zeeman state A
whose spin states undergoa 4 O pin Dependent Recompination (SDR) ﬁ
Zeeman splitting under an
external magnetic field.

EDMR signal [a.u.]

. Juaiintapoiq

' |\\\\ | | | |
-100 20 4 -2 0 2 4

N

maanetic field [mT]

RF induced
transition

RFindL_u?ed
Spin transitions can be in- transition

duced under resonance con- Y
ditions E, ____=hv=gu_  B.

Zeeman state B

Magnetic field sensitivity (8B/y/Af) of SICMAG's
SIC sensor is governed by SDR linewidth o and
diode current modulation Al. The signal height
s proportional to V. quantum center density.

LS 3D field coils generate
, - s " nulling field to shim dio-
Thege spin tran8|t.|ons sh_ow | 3 10 N . de current back to zero
up in changes in device 4H SiC EDMR response . (planetary) field field conditions
current (electrically detec- g | ” | | ] v N «
ted magnetic resonance - ” 3 = A\ ) ; ‘
EDMR) & B \ nulling field Nulling field current is
_ S BT B AR A W RS equivalent to external
Thedevicecurrentalsochan- © m RN field.
ges close to zero field, even 2 ° / m
without RF excitation, when £ f" C’A‘E[B‘Rﬁ'rm -
the involved spin states be- § 2 N
come degenerate (spin de- “ i g b ficker noise
pendent recombination - 10~ | | “ | m = =4 / shot noise
| | i; 0
SDR) -100 50 0 50 100 - " S
10 interaction _ [
k magnetic field [mT] / R mignet:\c%;ieldflﬁn o 8 %0 %ﬁ 100 current f
>
SiC EDMR has fixed features stem- fy
‘ ' \ mmg e.g. from device bias or hy- All 3 coll pairs are fed with different
- perfine interaction of band elec- modulation frequencies. The diode
8 trons with nonzero Spin nuclei (S|29) current modulation for each field
5B JIo o The latter are temperature- and axis correlates with its frequency,
/— 20me 7 ( Hz) S time-independent; both can be and can be reconstructed through
S K Qsed for self-calibration. / K'OCK'”W measurement. / /

NASA PICASSO - SICMAG (C. Cochrane) x
NASA Postdoctoral Program — SiCstSense (H. Kraus)

We will increase quantum center density in the
device interface layer by proton irratiation, mi-
nimizing damage to other device layers.

-’L‘:' VSi layer
2017
. Designed magnetometry specific diodes (in conjunction with NASA Glenn RC)

H H H . . . .
c ol e ewme v 1 V. implantation in siC B Calculated irradiation parameters for fitting defect densities
5w ©w — «— Sample Si

o— e X

-15um

- surface through 1.7MeV focused : : : : T

£l protoﬂ rradiation.  as . Tested commercial SiC p-i-n diodes for viability as magnetometry sensors

2" (ion stopp-

li ) ing power in solids), and 2018

5 “ . ‘ (Vg emission . . . . . . _ .

vo * in 3D micro-photolumi- BB Finalized diode design - diodes in fabrication at GRC
nescence)
k / BB Engaged collaboration with irradiation facilities in Japan
National A tics and Space Administrati . . .
sional Aeronautics and Space Administation /FURTFIER_F{EKDING_\ B GRC devices - characterize sensilivity - assess necessary quantum center density

Jet Propulsion Laboratory
California Institute of Technology

Gortalll ¢ Cochrane et al. 1.:;::!-‘]@ H. Kraus et al. po Defect-engineer (irradiate and characterize) devices
Pasadena, California :

- 3D Proton Beam Writing in
for Space Applications N of Vacancy Spins in SiC T0' [ : : : -
Sci. Rep. 6, 37077 (2016) po Find out more about hyperfine interaction and bias features

: ¥ 03 Nano Lett. 17, 2865 (2017) K /
www.nasa.gov
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Simultaneous Analysis of Inorganic Cations and Amino Acids by Capillary
Electrophoresis and Contactless Conductivity Detection for Astrobiology Studies

Author: Mauro Sergio Ferreira Santos (389T)
Aaron Noell (389T), Maria Fernanda Mora (389T)

\

Introduction Results

The search for life in our Solar System is one of the highest priorities at | | Two buffers systems that could handle low and high salinity samples were
NASA. Amino acids are powerful biosignatures in the search for life | | selected for further studies (Fig. 2).

beyond Earth. The soluble constituents are also of primary importance A Hif 5

to biological activity and the thermo-physical properties of any liquid B 1 AN LI

mixture. Thus, the characterization of the distribution of inorganic ions I _ IR

IS essential to assess the habitability of an extraterrestrial environment. = o = %

h : : [N 5 5 ) > S S
why amino acids and which ones?  EREISSEES Relevance to Planetary Studies 30/ BGE I 0l BGE IV
Abiotic Mg?* Mars Phoenix Lander; likely Europa relevance - | o e
AIB GABA Ca2t Mars Phoenix Lander A O L
Iva / Proteinogenic Na* Mars Phoenix Lander; likely Europa relevance ’ ° Time (n?in) - ° Time (min)
éﬁ”AGS]E’,’ K Mars Phoenix Lander Fig. 2: Separation of inorganic cations (250pM) and amino acids (50uM) in (A) BGE Il and (B) BGE IV,
" Leu, Ser, Lit Hydrothermal vents, Europa, Enceladus relevance
Val : ; - - -

! NH,” Possible Titan relevance | | Both methods were validated by analyzing samples from relevant environments
) . | with increasing salinity levels (Fig. 3to 5)

Objective

: _ _ -640- diluted 1:50 ~ ~6 MM of salts Although amino acids were not

To develop analytical methods capable of measuring simultaneously | e V" dueqyo On oreek water observed on Hot Creek samples,

Inorganic cations and amino acids in samples of varying salinity by capillary e o G BGE 1I allows the detection of

electrophoresis with contactless conductivity detection (CE-C*D). E o5 norganic ions In less than 7 minutes.
: : % - Cation Concentration (mM)

+2

The Challenge Ve 0012 0.002

To develop a method that allows the detection of amino acids and inorganic Na 4.91 +0.07

salts in samples of low, medium, and high salinity while being simple and DT e (i) *L< O-ZloNi 0.007

compatible with flight systems. Fig. 3: Analysis of inorganic cations on water from Hot Creek, CA. | Q
[ _ A A)  santa Moni B) Mono Lak BGE 1II also allows the

Matenals and MethOdS ) e Honies S ) MonoLake detection of inorganic 1ons

diluted 1:1000 .
1V Guediseo 1IN samples of much higher
/

diluted 1:100C W gied 1:100 Salinity  after  multiple

-660

» The separation and detection was performed by CE-C*D;

» Aset of 12 amino acids and 6 inorganic ions was selected:; S o0 jél.j:gg [ dilutions
* Five separation conditions employing different background electrolytes g X | ; | Santa |\
(BGE) were evaluated:; " e ) Cations | Morica | ™ v
- Ca?2 | 4.0+ 0.2 ND
— Mg*2 |30.4 £ 07| ND

Na* 460 + 20 245+ 6

K* 5.81+0.01) 5.10+0.08
Fig. 4: Analysis of inorganic cations on (A) seawater from Santa Monica Li* ND NQ

beach, and (B) Mono Lake water.

Time (min) Time (min)

/

Signal (mV)

BGE IV
%0 25 _30 35 40 The detection of amino acids 200+ - ““”‘:?\ Mono Lake Water
Time (min) in high salinity samples was f{ vW T —— 3
. ] Ir —
Fig. 1: Schematic drawing of a capillary ‘ demonst{ateg usnﬁf BGI]:: liv £ 190 N\ -
electrophoresis system showing also a OI1 SAMPIES 1Iom VOO Lake. [ | oy
typical separation obtained for inorganic The two most common o M T
ions. amino acids 1n biological 180 ‘
< / samples Gly and Ala were | o 0s
4 N detected demonstrating the - i
Results Table 1: Composition and performance of BGEs evaluated. screening capabilities of the - 5 8 12
. . Inorganic ~ Amino . technique. Time (min)
Herein, we focus on ana|y3|s BGE Composition 'ggrfs’ io?lst_ da}:cidtfs cor:ggtri]l;ility m Fig. 5. Analysis of Mono Lake extract varying the injection time.
' . T B — The insert is a closer view on the amino acids signal.
of samples of varying salinity o5 Famic | 12 . :
that would be relevant for e 7w | R0 | V1V XXX
- acids .
multiple planetary targets —— Concluding Remarks
. I aci_d,_lo m(l}/l V(\?iompat_ible ( ( ( ( x ; .
:E'ke I dl\/lars, _'?_“l;(l)pa olr 1B | win e » The selection of BGE depends on the sample salinity;
ncelaaus. aple .

) 0.5 M Acetic | compatible | | | o I I I i1fi I I i
summarizes the performance " | ChiT wecews X v v v X I?Glf 1 a;]l_li)wsB g;rg&r/uc IcI:atlons qgantlflc%tloqdmtggmp;!es o_f Iohv_v r?nd|'hl'gth
Of the Condltlons Studled IV ZMA,;((:jetic V(\iltt);ngzéumg x ( ( ( { Sa Inly W | e a OWS aman aCI S | eﬂ | ICa IOn N Ig 'Sa NI y

\ VR e | 7 | 7 | X | v | v || | conditions;

* The selected BGE’s are also compatible with CESI-MS;

 The strategies based in CE-C*D could be used as a screening method before
performing LIF analysis.
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Qualification of Phoenix Lander Heritage lon-Selective Electrodes

for Applications to Icy World Exploration

Author: Elizabeth Oberlin (389T)
Aaron Noell (389T), Richard Quinn (NASA Ames), Antonio Ricco (NASA Ames),
Robert Gold (John Hopkins University), and Samuel Kounaves (Tufts University)

Introduction

Adapting flight proven technology from previous missions to Mars for use on icy
worlds will reduce the time and cost associated with icy world exploration. The Wet
Chemistry Lab (WCL) ion-selective electrodes (ISEs) used on the Phoenix lander
successfully measured the pH and soluble primary cations in the Martian regolith.
Due to their large dynamic range ISEs are well suited to measure the concentration
of inorganic ions in unknown agueous samples, and thus, are ideally suited for icy
world exploration. To address the advances made in ISE technology since the

design of the WCL ISEs, we are simultaneously developing a next generation solid

Kcontact (SC ISE) suitable for space flight.

Conclusions

~

« Carbon Black or SWCNT/graphene oxide solid contact layer
allows for stable, miniaturized design
* Robustness to dehydration is sensitive to membrane plasticizer

« Robustness to radiation Is

lonophore dependent

/

-~

Method

~

we are comparing:
5 different materials for SC-ISEs

Performance of ISEs is evaluated based on sensitivity (calibration slope) and
stability (standard potential and potential drift over time). Using these metrics

« WCL and SC ISEs after prolonged dehydration storage
« WCL and SC ISEs after exposure to 300krad radiation

/

.
<

Results

<

Initial

Dehydrated

—/

(0]

~(CH5)gCH3
oK )
N 0 CHs,
N
HsC™  ~(CH2)sCH3 o
GHy
N
(CH2)6CH3
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Mg lonophore |V based ISEs
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o o

w
o

=
o

% Difference in selectivity
after 300 krad irradiation
N
o

O i [ J
sC sC  WCL  wcL
(Control) (Irradiated) (Control) (Irradiated)

ISEs with Mg ionophore IV
saw a 30% greater reduction
In selectivity from the control

\_

ISEs stored at < 0.5% relative humidity for 1 month

—— |ISE performance

Two plasticizers with different lipophilicities were tested:

« 20% of DOS (log P = 10.9) based ISEs did not calibrate after storage
 50% of NPOE (log P = 5.9) based ISEs did not calibrate after storage
« SC and WCL ISEs had the same percent failure after dehydration

ISEs exposed to 300 krad radiation

Despite visible
dehydration of hydrogel.

depended on plasticizer,
not transducing material

]
Co o)
O O
O
O O
H30(H20)11 CHs
o Na lonophore VI based ISEs
2c
S O
3 g 40-
DT
» E 30-
= o B
©
§ = 20-
o & ]
T ®10q ¢
52,
Y O-
X © | | | |
SC SC WCL WCL
(Control) (Irradiated) (Control) (Irradiated)

ISEs with Na ionophore VI
showed no reduction In
selectivity from the control

/

Silver wire with
Ag/AgCI coating

Electrolyte hydrogel

~

Heritage WCL design:

6 mm diameter

Inner filling

PVC

lonophore doped

Sensing mechanism
remains the same

membrane

solution
based
transduction
mechanism is
replaced by

carbon based
nanomaterials

Solid Contact layer
over Glassy carbon

Next Gen SC design:

2 mm diameter

Solld Contact (SC) Layers

« CB - Carbon Black

« GO - SWCNT with graphene oxide

Pt - Carbon black with nanoparticle Pt
« ETH - SWCNT with ETH500

GC - Polished Glassy Carbon

001+ Mean + 1 SD
s00] L Meant

1 e Mean
500-

400-
3004 ¢
2001 ¢ | 3

100-

E' (mV) vs Ag/AgCI

s Carbon Black or
SWCNT/GO solid
contact layers are
’ the most stable.

-100-

/
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Next Steps

Test ‘dry conditioning’ method to add robustness to dehydration
ldentifying ‘radiation resistant’ ionophore structures

Continue comparing CB and GO SC-ISEs for long-term stability
Perform more in depth impedance studies to elucidate the mechanism
of ISE damage during dry storage and irradiation

/
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Europa Orbit Family Catalog
Author: Dayung Koh (392K), Rodney L. Anderson (392K)

! Extend our knowledge of the natural dynamical behavior Exploring undiscovered systems or the global system
around Europa to improve the design of orbit transfers behavior of known systems is challenging.

in low-energy regimes.
The use of libration point orbits, such as those used for

t .y rotating Build a periodic-orbit catalog for Europa which includes the Genesis mission, opened up the possibility of flying an
: an extensive set of families of three-dimensional entirely new class of missions that are widely used today.
solutions and bifurcations using cell mapping.

The current study is focused on exploring low-energy

The invariant manifolds of these orbits may then be trajectory options for a potential Europa lander.
studied to form natural transitions between orbits.
Cell Mapping Method Result
/ Benefits \ / Applications \ / Orbit Catalog \ / Contribution \
+ Generic, Systematic + Periodic orbits in the CRTBP + 10 families of orbits +An orl?lt catalog \.Nlth Iargg range Of.JaCO.bI constant
+ Easy to implement for any type + Periodic motion analysis of . . . and periods of periodic orbit families is built
of nonlinear dynamics EOM Spacecraft + Dimensionless Orbital + Found highly inclined and/or asymmetric 3D orbits
+ Generates + Orbit and attitude coupled Period T =0.133 - 13.31 + Studied bifurcation orbits to find global
- Multiple-period periodic solutions Period_ic motion analysi§ around + Jacobi constant characteristics of the system
- Invariant surface asteroids and other bodies C=2.89773--3.00375 + The study opens more options for landing and

@egions of attraction / \ / \ / &escape trajectories to/from Europa. /
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L . (DRO) Y
1 Select a cell state space and divide it into a finite number of cells o roPah |
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Introduction Summary

The past decades have lead to great advances in space situational awareness. The majority of Without accurate information on where an asteroid is ‘parked’ after a deflection attempt,
asteroids that could cause global disasters if striking the Earth, for instance, are now tracked on a the same object may become a concern for planetary safety at a later date. In the worst
regular basis [1-3]. The whereabouts of the vast majority of 100 m sized near-Earth objects case, the target asteroid enters a so-called ‘gravitational keyhole’, retaining a high
(NEOs) remain largely unknown, however [4]. Should an asteroid be discovered and predicted to probability to collide with our planet. In order to avoid such scenarios, we demonstrate
impact our planet near a population center, humankind now has the option of sending a space- how to best target an asteroid during a kinetic deflection maneuver so as to minimize the
mission to deflect the potentially hazardous object. A kinetic impactor (Kl) spacecraft, for instance, chances of an Earth impact in the foreseeable future. Keyhole avoidance maps are potent
could transfer momentum to the asteroid through a high velocity collision, thus changing the orbit tools in this respect, allowing for an informed choice of a target location for Kinetic
of the latter. Differences in asteroid shape and composition, however, cause the magnitude and Impactor missions.

direction of the delivered momentum to be to some degree uncertain [5-7].

Kinetic Impact Momentum Enhancement Keyhole Avoidance Maps

For a given kinetic impactor spacecraft approach trajectory we find locations on the surface

of Bennu that, if hit, would push the asteroid into a keyhole leading to a future collision with

the Earth (Figure 3a). Such keyhole avoidance maps are useful tools, but they require

AV =~ (Do + E]» E = B-1D@R-B)7, (1) careful interpretation, as the amount of ejecta and the rotation phase of the asteroid both
M influence the location of keyholes on the surface (Figure 3b).

The change in an asteroid’s heliocentric velocity vector (AV) caused by a kinetic impact can be
described through the following momentum transfer equation [8]

where M is the asteroid’s mass, n the surface normal vector at the location of impact and m and
U, the impactor spacecraft’s mass and relative velocity, respectively.

Ejecta from the impact crater that escape the
gravitational sphere of influence of the asteroid

cause an additional momentum enhancement (E).
Thus, the magnitude and direction of AV depends

on E Laboratory experiments and modeling efforts
have seen some success in estimating the range
of possible B values [5-7]. However, uncertainties
in the direction and magnitude of the net ejecta
momentum vector remain uncomfortably large, in
particular due to a dependency on a target’s shape
[8-9]. Accounting for those factors, where should a
potentially hazardous object best be targeted and

what consequences for future encounters with the transverse proj. m] ansverseprl (]
Figure 1: Kl based asteroid deflection. Earth can be expected?
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Keyholes

The asteroid (101955) Bennu is the target of NASA’s OSIRIS-REx mission (OREX) [10]. Bennu
has several close approaches with the Earth in the near future. The effects of close encounters
with our planet on an asteroid’s orbit are best studied on the 2-body scattering plane (b-plane)
[11]. The probability density of finding Bennu at a specific location with respect to the Earth
during a close approach in 2135 is shown, for instance, in Figure 2. So-called ‘keyholes’ are an
ensemble of states that lead to future collisions with the Earth. Those states can be mapped
onto the b-plane. For Bennu the location and size of keyholes in the 2135 b-plane are
represented by vertical bars in Figure 2b. Bennu could enter a keyhole during its close
encounter with the Earth in 2135 resulting in an impact 40-50 years later.

out-of-plane proj. [m]
impact probability (x 1074)

transverse proj. [m] transverse proj. [m]

Figure 3: The b-plane displacement (top) and impact probability (bottom) for a simplified (left) and realistic
shape (right) of the near-Earth asteroid (101955) Bennu are shown from an impactor spacecraft’s perspective

10 _ Cumulative Impact probabily: 37 x 104, PS: 1.7 in the radial, transverse and out-of-plane system aligned with the asteroid’s orbit.
trajectory S unperturbed | | | | | | | | _
/ rajectory 7t 295 /N 78194 120 km In order to determine the impact location on the asteroid that would yield the lowest collision risk
6 21295585 I Ads | o with our planet after the deflection attempt, we performed Monte-Carlo simulations assuming a
Tl B/ sk \ |2 | T 1 s uniform distribution of B between 1 and 3, (Figure 3c) as well as a 3-0 targeting uncertainty of 75 m
;2‘82 [ o] 0 % with a Gaussian envelope (Figure 3d). Only the center region of the asteroid is targeted so as to
§4' 219D B75 2185 § avoid a miss. For a realistic shape model the orientation of the object at the time of impact needs
i ho 3 to be considered. Targeting uncertainties and the shape of the asteroid influence the optimum
ol \ impact location. Aiming for the center of the target would not necessarily be the best choice in
j , 1 terms of lowering the post deflection impact probability (Figure 3d). Similarly, maximizing the miss
J | | | ‘ ‘ | N | } distance in 2135 would not guarantee a low future impact risk either. Figure 3d shows that the
b) “ 15 2 25 3 85 4 45 5 55 best place to hit Bennu is ‘left’ of the center, effectively slowing the asteroid on its heliocentric orbit.
Chesley et al. (2014) 2135 x 10° : . : i .
Targeting maps are useful tools to understand and optimize post deflection orbits of potentially
Figure 2: a) Sketch of the b-plane during a close approach of an asteroid (black trajectory) with the Earth. hazardous asteroids in a quantitative fashion.
b) PDF and keyholes for Bennu during its close encounter with the Earth in the year 2135.
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