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NASA Surface, Topography and Vegetation

Solid Earth Ecosystems Climate Hydrology Weather
Solid Earth Vegetation Structure Cryosphere Hydrology Coastal Processes
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SOLID EARTH VEGETATION STRUCTURE CRYOSPHERE HYDROLOGY COASTAL PROCESSES

* Tectonics/deposition/ ¢ Ecosystem structure ¢ Glacier and ice sheet o Lake and reservoir « Storm surge and
erosion/climate coupled and function mass gain and loss heights and shallow tsunami inundation
precesses « Carbon accounting processes and impacts bathymetry hazards

» Earthquake, volcanoand « Bjomass inventory, on seal level change * Snow depth and melt * Shoreline erosion and
landslide assessment, dynamics, monitoring * Glacier and ice sheet impact on water sediment transport
response, mitigation « Biodiversity, habitat ocean and atmosphere resources « Benthic habitat and
and modeling structure and response heat and mass * Stream and river flow marine ecosystems

* Anthropogenic and to disturbance exchanges * Flooding and inundation e Tidal interatction with
natura! change « Forest resources ¢ Atmosphere-ice-ocean modeling mangroves and salt
detection management momentum, heat and * Wetland processes and marshes

« Wildfire, fuel, risk and mass exchange over the management * Shallow water naviga-
post-fire recovery potar pcoas tion andhazards

¢ Polar ocean circulation

_ APPLICATIONS _ﬁ

DS (Decadal Survey) science disciplines (top line) and STV Science disciplines
(second line) with focus within each discipline.

Applications are integrated throughout the science disciplines. The disciplines
were derived from the DS highlighted in yellow at the top
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Sensitivity of bands Ka through P bands to water state variables. VWC:
Vegetation Water Content, SM: Soil Moisture

STV objectives would be best met by new observing strategies that
employ flexible multi-source and sensor measurements from a
variety of orbital and suborbital assets.

This is challenging to fit within the NASA cost cap, and motivates us
to look at disruptive options.

2017-2027 Decadal Survey for Earth Science and Applications from Space (ESAS 2017)
Surface Topography and Vegetation (STV) Study Team Report
Graphics from DS and STV report cited above



Four-Level Atomic System

Rydberg remote sensing high-level concept e
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* Disruptive Quantum Rydberg architecture enabling high sensitivity, dynamic and rapidly tunable radar remote sensing
throughout the entire radio window, with no science antennas or RF front-end electronics — providing significant improvements
over state-of-art radars

* Enables measurement of key Earth Science variables spanning numerous science applications in a (1) post-launch dynamic/rapid
on-the-fly tunable, (2) very low power, (3) small-sat instrument, (4) no science antennas required

* Super broad-band (10kHz-1THz, but when limited to SoOp’s I-to-K bands) capability in an ultra-small detector (millimeter-to-
centimeter-scale detector with no antenna, independent of wavelength)

* Addresses most radar applications (e.g.: SAR, inSAR, POLInSAR, Vertical Profiling, Tomography)

Graphic developed in coordination with JPL graphic team

© 2025 California Institute of Technology. Government sponsorship acknowledged. Surface Topography and Vegetation (STV) Study Team Report



Other applications as examples of space applications

P-band SAR with multi-frequency DDM

Integrate compact P-band TX and antenna
Use SRR (resonator) to get high sensitivity with Rydberg detector
Develop SAR at P-band and apply DDM based on SoOP signals
Anchors broadband SoOP based DDM with a SAR P-band
Applications:
* Foliage/Ground Penetrating: Penetrates foliage, soil, and
dry sand to detect concealed targets

* Forest Structure Mapping: Deep canopy penetration for
tree trunk biomass estimation and forest management.

- Frequency Response Estimated Inside of SRR

I/VHF to X
Opportunistic
Rydberg System + Satellite z
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Fabricated design

Rydberg limit cycle based LF sensing

Use newly discovered time-crystal phase in Rydberg atoms
* Underwater communications intercept (ELF/VLF, typical 76 Hz to 30 kHz)
* lonospheric disturbance monitoring (<100kHz)
* Low-Frequency ISR
* Earthquake Precursor Signals (ULF EM — down to ~100 Hz)
* Space Weather Monitoring
* Power Grid Disturbance Detection

[ ke B

j+V]
o

[ cPiea n B
£ lg} | /
§lsume A N\
s
5 M
=
w
.o
2 ls=

T+ w
c
2 S

- [ —

l9)-00%0€ 40 20 0 20 40 60 80 100

\
y (kHz) ‘;X

o

Frequenc

Van Allen Probes (tip-to-
tip is 100m)

) o

6S,
1/2

(d)

19)
Time-domain simulations of mode-competition between two excited
and results in a modulation of the OSC frequency in the form of a
frequency modulation.

Time (s)

Classical systems

JPL

Pre-Decisional Information — For Planning and Discussion Purposes Only



Scaling characteristics of atomic Rydberg states

The Rydberg atom

) ) Binding energy —Ry*n‘z
* Rydberg states are highly excited states of the outer ] |
valence electron where properties scale in terms of the dEi';gfgnCEe(" +1)—Em) AEn = Ry (n_z - {n+1)2)
principal quantum number, n e i agn?
* Forlargen, the'quantum.mechanlcal descrlpfclon converges Geometric raln®
towards a classical one with the electron orbit approaching cross section
a circular path Revolution Ty o« n’
* Atoms are large (~um) - easily perturbed by external period
fields Radiative lifetime o n’
Critical electric Ec = megRy*%e3n~4
field for
POt B ... ionization
e’ 0 .~ &
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) E o 8 T T T | | | T T I
! @ "G valence electron 1008
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3 2= ------- 100P, ,
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Atoms, Molecules and Photons, Springer 2010
Visualization and interpretation of Rydberg states, arXiv:1203.4768 [physics.atom-ph]
Rydberg Atoms, Springer, 2012
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Principle basis of wave/field sensing & energy levels

Energy levels of a cesium atom

1000000.00 - Rydberg states
* Energy levels scale as n™2 U— s g | E— S— s—
90000000 —]——— —— —_— = e — — —
Rydberg — — — — —
constant n=10 —n=6 n=5 n=5
E” ] = —R—}r* 80000000 — n=9 n=>56 n=8 n=h
3 2_ 1  z======a- =
”Eﬁ' E n=8 n:4 n:.d. n:4
< 700000.00 -
* Delta energy (energy e
difference between states) € 600000.00 - - .
— (o] - = = —
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, 5 500000.00 -
b T14)
AE « —3 o
n o r
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C
. c 1 . TITmmm T .
 Athighn, AE~0.1-1000GHz 3 Coupling laser
2 300000.00 - ~
(E = hv) x
d Slgnals In these range Can be 20000000 | s0mm [ '|r- - |2}
absorbed by the atom to push Probe laser
the electron to nearby states 100000.00 In)
[ - 000 | A=6 | | | | | |
Need lasers to get (?ff ground TS T 2 0) 36 10 50 T
state (S-P) and to high n (P-D) Orbital angular momentum quantum number

Figure calculations via ARC - Alkali Rydberg Calculator 3.1.0
© 2025 California Institute of Technology. Government sponsorship acknowledged. https://www.toptica.com/fileadmin/Editors_English/11_brochures_datasheets/01_brochures/toptica_BR_Scientific_Lasers.pdf



Field Coupling to Rydberg detectors

* Aside from direct coupling to vapor cells, multiple other

30
approaches can be used to focus or enhance fields or 2l
provide beamforming capabilities: Credan  sm-txiom _ 10|
E — Ca":‘::;"e @ 1.31 GHz
. . 4 60 =z 0 12.6 GHz
e Passive/active resonators (A) 0l % | o \L’E g 7.9 Gz
. Off-resonant -10 | ====NoOL .
* Lenses to include meta-lenses (B) snal o Theoretica
. l/ ressin| 20}
* Rydberg arraying (sub-cell and cell e S| (L SR " | A |
arrayin g) (c) Enhanced RF |_— 0 5 10 15 20
Frequency (GHz)
° Reflector dishes to focus to a cell (D) Ring resonator_: Tunable SRR for resonan_t field Resonance at 12.6 GHz Resonance at 17.9 GHz
enhancement with LO for super-heterodyning. 0
a) i
( C %al antenna -2 -2
incoming wavelorm | Ll kA W o o
$ field [T I I r_‘_\ f ——E-plane without ge:erator %‘ si‘i?"leacl;gjer? % -4 % -4
lens PR [T R e f1,12,13,1 - g
" | Metamaterial Lens / \\"\ ~--H-plane 7 layers O O
_ I 8- | Radiation Pattern i ‘\‘\‘ 1 probe . "<_"2u 5 -‘_% 5
P e N laser detector & &
KA F 4 Unmodified  |N_ .
I RERRRB= R Radiation Pattern ' AN coupling -8 -8
PEEREEE l o / Vi N Y laser Measured Measured
IERRREARRE FE0 “.'1 ! " i Simulated Simulated
focusing — : VLG & @ -10' -10!
. %%% Resonant -4 i I‘..' i N4 —_ 52D, 400 0 1 2 3 0 1 2 3
probe [, Rydberg B0 w0 40 20 ) 20 46 60 80 "! 16,532 GHz E L Azimuth angle (deg.) Azimuth angle (deg.)
,\vapor cell 480 nm \ ¢ 51F;, ‘;é . .
coupler — ' 5 £ Compact Rydberg front-end system (30x30cm) with an integrated
?80 3z [ =200
Sub-wavelength high-directivity lens: A high-directivity frequency- /% _ \ broadband reflector and optional coupled ring resonator
reconfigurable/tunable lens based on a ring-resonator array (RRA) that is " 600 400 200 0 00 - . .
sub-wavelength in scale is used based on an ISC supported effort Horizontal (m) undergoing broad-spectrum beamwidth measurements.

Sub-cell arraying: Arraying of Rydberg transitions in a cell
to either increase sensitivity or increase instantaneous
bandwidth

© 2025 California Institute of Technology. Government sponsorship acknowledged.



Instantaneous bandwidth — 2-photon vs 6-wave mixing
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Bowen Yang et al., “Highly sensitive microwave electrometry with enhanced instantaneous bandwidth,” Phys. Rev.
Appl. 21, L031003 (2024), https://doi.org/10.1103/PhysRevApplied.21.L031003.

a There is no established analytic
expression (even approximate) in
the literature for instantaneous
bandwidth. This is physically
motivated heuristic model:
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Bordwka, S., Pylypenko, U., Mazelanik, M. et al. Continuous wideband microwave-to-optical converter based on
room-temperature Rydberg atoms. Nat. Photon. 18, 32—38 (2024). https://doi.org/10.1038/s41566-023-01295-w
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Typical experimental system (Cesium) — Laser and stabilization

* Laser systems

* Probe
* Tuning range: 845 - 875 nm (design 852 nm)

l

* Qutput Power: >35 mW in fiber

* Coupler ->
* Tuning range: 508 - 515 nm (design 510 nm)

Laser
controller
(PID)

e Qutput Power: >750 mW in fiber

saturation spectroscopy
reference cell

Probe laser (852 nm)

wavemeter

To experiment

-

* Laser stabilization systems

* Course tuning via wavemeter
e Absolute accuracy: ~10 MHz

-» controller
(PDH + PID)

optical switch

Laser Coupler laser (508-515 nm)

* Probe stabilization via saturated absorption spectroscopy
e 1 MHz bandwidth with field compensation <70uT
» expect frequency stability ~200 kHz or better

* Coupler stabilized via Pound-Drever-Hall method

(amplified and freq.
doubled)

high-finesse reference

cavity

e Optical cavity with finesse 15k and 1.5 GHz free spectral range

« offsetlock up to 800 MHz
* Expect frequency stability ~100Hz or better.

© 2025 California Institute of Technology. Government sponsorship acknowledged.
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Frequency-Doubled Amplified Laser System (Coupler Laser)
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Probe and coupler laser locking

Probe — Saturation Absorption Spectroscopy System Cs D2‘ saturéted Sp?Ctrum

450
) Doppler-broadened From Timmon and Stoner, IEEE Trans. Nucl. Sci., vol 58 no 2, 2011
Spectroscopy signal 400 +
PD 1 spectrum
350
/ Bean splitter saturated g 300 3
PD 2 spectrum 3 e
X Tuning and / Mirror PD1 PD 2 g 250 3'/4’ cross
W Modulation u Beam block 8
Gas cell 1] —
M ler-f = 200 3'/5' cross
M PD2-PD1 Doppler-free E "
& spectrum 415" cross
W Piezo Fiber M
I:D_ connection Beam Probe | Reference
cube beam beam
Laser @ , Pump beam s
Diode > > 7 / > M
BS BS
Laser Module

=0.2 0 0.2 0.4
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Experiment
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Saturation Spectroscopy Module

i
Coupler laser stabilization — PDH with electronic side bands

, phase kX ..
laser isolator modulator FBS a FPI transmission

A [\
RF oscillator @ _.__J u ; \J
A phase shifter @ photodetector

E1 Range of control
N —X)

low pass mixer error signal

73 @
L >

Dreveretal., Appl. Phys. B, Vol 31 (1983) ‘
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Sampling of key satellite signals of interest

» Early ground experiments will not need Doppler information (since we are not intending to do SAR),

SO we can use geostationary satellites without lose of information

« Examples include MUQOS, XM, IntelSat, DirectTV, AEHF

« Subsequent to these, experiments will use Doppler information from satellite systems in LEO, and

after that TRL maturation will support airborne experiments where SAR, INSAR, POLINSAR can be

enabled

* Front-end gain is required to enable sensing, via a resonator or reflector or both. At XM and above,

resonator is not needed (SNR > 20dB). At below GNSS, resonators are needed.

Units
Transmitter altitude km
Center Frequency MHz
Sub-channel Bandwidth| MHz
Transmitting Power dBW
Path loss dB/m’
Reflectivity () dB
Reflector Gain dBi
SRR Gain dBi
Integration Time S
Signal at Detector V/m
SNR dB

Orbcomm
825.0
136.5

0.3
12.0

132.0

-15.0
0.2
60.0
0.0722
3.52E-03
47.49

GNSS
20200.0
1575.4
1.0
26.0

157.7

-15.0
18.5
25.0
0.0071
7.54E-04
24.01

XM
35786.0
2342.2
1.8
68.5
162.5
-15.0
23.3
0.0
0.0048
5.67E-03
39.85

DirecTV (Ku)| DirecTV (K) AEHF (K)
35888.0 35786.0 35786.0
12450.0 18500.0 20700.0

500.0 500.0 1000.0
50.0 53.0 50.0
162.1 162.5 162.5
-15.0 -15.0 -15.0
37.9 41.2 42.2
0.0 0.0 0.0
0.0009 0.0006 0.0005
3.78E-03 7.53E-03 5.96E-03
29.04 33.28 30.45

SoOp constellation transmission sources, signal parameters, and Rydberg Radar detector requirements

Receiver altitude of 500km, incidence angle of 45°, reflectivity of -15dB, atmospheric-loss of 1dB assumed, based on sensitivity of 0.4uVm1Hz /2

© 2025 California Institute of Technology. Government sponsorship acknowledged.




SoOP single cube-sat instrument-level approach

Band 1... Band N

* Signal of opportunity in I-K bands detected at a cubesat in both zenith and nadir directions.

. . . Correlati
Correlator used to obtain raw electromagnetic signal transients. b
* Delay Doppler map processing used to focus response to the specular point and first signal
Fresnel zone. Processing with GPS location of cubesat done to retrieve dielectric properties Djay
as a function of frequency (band). Doppler
. . . . . . L processing
* Joint spatiotemporal inversions to enable multi-parameter retrievals for soil moisture
content as a function of depth from surface to deep soil moistures 1
* Joint processing from multiple cubesats to improve coverage and inversions T
¥
men e
Satellite transmitter i / - '
> Cubesat with 3 receivers: : [ ] Receiver
+ GPS for positioning info GPS satellite 3 r
* . Rydbergzeni_th detector b 4 *
+ Rydberg nadir detector y . ‘Specular
point
Ground surfa¢e ; @
— Constant o i N
:?::sy Fresnel I_ —_m = e e e e I
. v zone <> SMC
< e SMC :
Constant Doppler lines Spatiotemporal joint inversions
First range cell Rough surfhce Specular point ; e = = I
e o glistening zone T Iso-range and iso-Doppler around the specular
- - reflection point used for delay Doppler map or Overview algorithm block
SoOP bi-static radar geometry SAR processing diagram at the high level

© 2025 California Institute of Technology. Government sponsorship acknowledged. GNSS RefIECtometry for Remote Sensing of Soil Moisture



Multi-band sensing through tunable strong LO field

Coupling laser

Probe laser
A, =852.3 nm Matched load A.=508.9 nm 13) 76Ds/;
fro & frr = fro*d
Beam Dichroic ! Dichroic ' ~1.54 GHz _,i :127 Mz
\ 4 A\/2 Displacer mirror = mirror |4) — 77P,,
3/2
> > CS-vapor cell — 287 GHz
- = = = < /D ectri . = ~508.805 nm
Dielectric - ';i‘::;:'c 0./2m = 0.7 MHz
mirror ¥ TEMcell | <Y A
Outdoor systems Broadband A2 12) —— 6P,
. RFsignal - RF combiner /\
Log periodic >lofld ' 1, = ~B852.356
conditioning Beamtrap o P b nm
GNSS SRS & ’I: S 2 0,/2m = 6.25 MH
o ] Weak microwave signal Dielectric c 9 p/2m = 6. ‘
signals — o
g 7 (to be sensed, RF) mirror H CRCH PR 65, ,
Outdoor Strong microwav'e signal ! Dl:wli?:ct:lc
“ terrain (for state dressing, LO)
* |In an off-resonance case, the Stark shift of the target Rydberg
state (i.e., the optically probed Rydberg state) depends on the AQq g = —Ea(EZ)
atomic polarizability 2
. : . . 2\ _ 12 2
e A strong local microwave signal can be used to provide gain (E“) ~ E¢ + Ef +2EJEy cos(8st + ¢)
* We switch the LO frequency and optimize power for each band T o
Amplifies signal

we intend to sense (137 MHz to 2.38 GHz)

© 2025 California Institute of Technology. Government sponsorship acknowledged.



XM satellite signal envelop
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XM3 A1 Sub-channel: 2333.465 MHz

Cross Correlation

Oscillator

Ch1 (quantum readout)

Balanced . E o

L s

TEM Cell
dBrmv
@[>~ 1.
Circulator
Rydberg cell
dBkI':N @
RF over fiber f:*e":;f;i
(>75m), Coax (<75m) optical |
systems
Mixer IF amplifier
reference
T i o
% D—" wm ADC out— UU —
IF fil Ch2 ]
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|
|
|
|
|

\e

2332 23325 2333 23335 2334 23345

Frequency (MHz)

Entire XM and Sirius band is detected
with up to 25dB of signal to
interference, noise, distortions

Given that reflection losses of soil are 10

on order of 5-15dB typically, the
setup should permit SM retrievals
using the satellite signals

0 L
2320

Y

Peak detection

Sirius and XM Band: 2320-2345 MH

magnitude

—>

Satellite 1

Sirius

|
|
I
I
|
|
|
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|
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[ — .
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| I | |
| I | |
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Simulated rain event outside B251 with classical reflectometry comparison
4

XM3 Al\ (ﬁ Mixer IF amplifier
‘ @), (o
k = Fllter % A, m  ADC out JU » . .
o~ @ Correlation gmd Magnitude
IF fil Ch2
Remote sensing of soil moisture ilter
—_ : , . : reference
S 57 ) Atomic - ( ) f
'524 | R . ek system Oscillator classical |
2 ) quantum
2t comparison !
2 T ‘ : i
E - N N ADC outf— /1" > I
T | 1 . f )' s P ol L T
3 207 Yrainevent i Ch3
0 2 4 6 8 10 . .
Time (minutes) 7‘{” TEM Cell (classical comparison)
_Gd Circulator
e

Outside B251 i # l
@ Circulator I

XM3 Al — Filter Rydberg cell
¢ i! Q_:&X_ RF over fiber
"' Rydberg
lanced

Ch1 (quantum readout)
(>75m), Coax (<75m) free space
systems
— * QOutdoor flat terrain near B251 used

Outdoor terrain with * Minimal vegetation
minimal vegetation * Water added via a hose and spray to simulate heavy rain for about 2 minutes
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https://www.vecteezy.com/free-vector/soil

________________________________________

. ’ Incoherent Integration ;
GNSS Detection , ! Doppler & SVN Sweep
-5

Loop Doppler Shift & SVN

Value

Frequency Shift

multiple correlations ..
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0.4

Doppler Shift (kHz)
o

0.2
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Code’ of each GPS  :..

Voltage (V)
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Generator

* The GPS detection i i Store
' : Correlation Maximum
algorithm conducts Waveform ;
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Q 0.05 %’ T
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(Vp] S o o
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differentiation between all GPS satellites & ™ 5.
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o

g
)

Rydberg systems were used to detect
multiple GPS satellites within the given
observation window

* Using this method, both the classical and TR — l

o
kS

0.2 l

1
o
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'
o
o
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GNSS Detection and Soll Mgg$ture Sensing Results
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Summary, Roadmap, Collaborations

Summary: s “‘\ “;s\ -
1. Rydberg atoms are a promising sensor & —  ignalsof Direct -
opportunity oP Zenith QRR sk ' incomi
technology for broadband space based remote o 1 ' i
sensing — although still at its infancy Multi-frequency 4

- o remote sensin : —
2. Systems SWaP are high, but it is expected that ' e /4“ '
these can be significantly reduced in the future - ' \ S Reflector
Q
Nadir QRRo >
Indirect ground reflections QRR vapor cell

Ongoing development to TRL 5 airborne systems:
* Phase 1: Technology Development & Lab Testing

10115

Remote sensmg of soil mmsture

* Phase 2: Field Testing & Integrated Systems &
* Phase 3: Science Flights & Data Collection £

% - lcm c1;be
Collaborations: E || fsimuimted " TREE - iR AR unit-cell
Team is looking for international collaborations to Z \ 'ai":"em 4‘ 6 8 : -{O :Zfeb;;gr

support ongoing efforts towards an airborne

technology demonstration by 2027. RAID airborne instrument high-level concept, using QRR (quantum Rydberg receivers) on a P3 for multi-frequency
remote sensing (left). Hybrid broadband and sensitive, tunable Rydberg system (right).

Time (minutes)

Technology Roadmap

Thank you!

FY23 — System development for laboratory radar measurements

FY24 — Outdoor field demonstrations

FY25/FY26/FY27 — Airborne instrument development and deployment
FY27-FY29 — Small Mission (InVEST)
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