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Institute for Quantum Technologies

Quantum technologies for Space

Data for ionosphere-troposphere-models
(quantum magnetometers and accelerometers)

Global Navigation Satellite Systems, resilient time
(quantum clocks)

Earth observation, resilient communication
(quantum RF receivers)

Gobal networks with advanced quantum functionality
(quantum communication, authentication, client computing)

Space traffic management, Space asset monitoring
(Quantum oscillators and clocks for radar)

i DLR



UN proclaimed 2025 as: #
DLR

INTERNATIONAL YEAR OF

Quantum Science
and Technology

100 years of quantum is just the beginning...

International Year of Quantum Science and Technoloqgy (guantum2025.orq)



https://quantum2025.org/en/

Quantum 2.0

Superposition and Entanglement

Superposition

+ P

Particles simultaneously in several states
— Schrodinger cat

Entanglement

,superposition involving several particles”

- of
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Example: Superposition in an Atom

Oscillating Electron Cloud

—

Adapted from:
By This file was made by User:Sven
(http://creativecommons.org/licenses/by-sa/3.0/), CC BY-SA 2.5-2.0-1.0
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Ingredients for Quantum Technologies

Quantum Particles
% / Natural Atoms

Atoms / lons

Artificial Atoms

W~

Photons

+ Control

<

Laser- or RF Pulses

cw Modulated
ight light

Nonlinear crystals
Photonics

i DLR

Electronics
Software

— Shielding
Packaging
User interface




Quantum Technology Applications and Markets #
DLR

Market estimates in 2024 (source: McKinsey Quantum Technology Monitor, 2023)

Quantum Computing ($9-$93B)

Quantum Communications ($1-$7B)

Quantum Sensing ($1-$6B)

10

Overall economic impact much larger (e.g. estimate for QC in 2035: $620B-$1270B)



Quantum Sensor Applications and their Impact #
DLR

How important are sensors?

="\What sensors did you use today?




Disruptive conseqguences of new sensors

Sensors and clocks are enabling system capabilities with large economic impact

» Historic examples based on sensor-related Nobel Prizes
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Potentially Accessible Quantum Sensor Markets #
DLR

Key Drivers: Robustness and Cost

Operational Environment

Laboratory Outdoors / static Hot air balloon Aeroplane XXM

xxM  XXxXM
v @ OC)
£100k

£10k Health

care Agi- Q Magnetometers

1 culture
Health. Q Gravimeters

Q EM sensors
‘ Clocks

Sensor Cost

care GP
£100

£10

f1




Magnetometers for Healthcare What is “good enough”?

E

What are the barriers QT could overcome?
— Adaptation to head size

- Movement while measurement

— System cost

Several commercial sensors available:
e.g. QuSpin with <15 fT/Hz'%/2 | 3-100Hz bandwidth
- This allows 5-10 times SNR enhancement over

SQUID-MEG
Dementia: 1% GDP - Good enough

Epilepsy: 60M people worldwide

Schizophrenia: 1% of population
Trauma: 100.000 / year in UK

UK
Q Quantum Technqlogy Hub ©.°¢ aquanTuM
Sensors and Timing @ TECHNOLOGIES




Quantum Magnetometers o

Superposition of energy levels depending on external magnetic field

Oscillation frequency
depends on magnetic field

! Lo —

_ A/I} Rotation of
polarization




Miniaturisation of atomic magnetometers BEFL .
Strathclyde

Sclence

* 75 cm?3 sensor head

* 60 g weight . ° High sensitivity
* 5 W power [ e ~pT H7-1/2

* 0.1 ppm in Earth’s

field
. Quantum magnetometer demonstration system
895 nm VCSEL with Unshielded noise spectrum
1
thermal feedback
133 % 0
W01
Cs vapour cell & B :
coils £
=
¥ oo
k4
Balanced polarimeter 0.001
0.1 1 10 100 1000
Frequency [Hz)

UK
Quantum Technology Hub ® UK NATIONAL
@’ QUANTUM
® TECHNOLOGIES

Sensors and Timing
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University of

A Nottingham | OPM-MEG development — 2015 — 2019

UK | CHINA | MALAYSIA

- v

Single channel
recording 2017

First wearable
OPM array 2018

Conventional
MEG

On scalp MEG
simulations 2016

First paediatric
helmet 2019

YT \_A
A\vT

/

\

\

A new
generation of
quantum
sensors have
enabled
‘wearable’ brain
Imaging
technology

50 channel whole First simultaneous
head system 2020 OPM/EEG 2019

First VR-MEG
recording 2019

First Gen || OPM
recordings 2019
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Its here NOW: Commercial Offering

Subject 1

Reference
array

Helmet .

array ﬁ-vl!" ) )
I,

Eerr.é s market uHering

. Integrate system components mtu one

OPM-MEG-systesn. - ... ..o

+ Testand validate system

UK
Quantum Technology Hub
Sensors and Timing

Joint venture between
University of Nottingham
and Magnetic Shields Ltd.

Smgle paint of u:nntau:t for

.:ustumgr

Pravide w ar'ranty fur‘mtegrated
system

Normalised

Subject 2

Between-subject

difference

: 0 QUANTUM
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Gravity Gradients for Construction

Voids leading
to sinkholes

Underground risk in infrastructure Leakage from Mineshafts
projects canals and
> 0.5% GDP reservoirs

Collaboration: physics, civil engineering, geophysics, industry

UK V=
Q Quantum Tech_nqlogy Hub T
Sensors and Timing > TECHNOLOGIES




Quantum Gravimeters / Inertial Sensors Vo

Potential difference leads to different phase evolution

— AE ~ mgAh

Height h




Atom Interferometer

Output 2
Output 1

position

v

»
time -«1-;i‘[i'||.l...-. l

UK
Q Quantum Technology Hub Q el
Sensors and Timing

® TECHNOLOGIES




Microgravity Surveys and their Limitations

Example: Brown Field Site Survey

Classical microgravity sensors are sufficiently
sensitive to deliver useful information!

BUT:
They take 5-10 min/measurement point

Sensor drift needs to be corrected by
periodically returning to a calibration point

In this example: 1 month for 1 ha with 3
sensors and 4 persons

- Commercial uptake hindered by cost of
operation, not the sensitivity of the instrument

UK
Quantum Technology Hub

e °® QUANTUM
Sensors and Timing » TECHNOLOGIES




Why do Gravity Measurements take so much Time?

—_

Requirement to

e Acceleration vs gravity achieve 1 ng

Better gravity
sensors only
provide calibration
benefits, not lower
measurement
time/point !!!

o _ _
30-100 ng Minutes / point

d

0.001° alignment

\ g cos(¢) ¢ g

UK
Q Quantum Tech_nqlogy Hub T
Sensors and Timing ® TECHNOLOGIES




Solution: Gravity Gradiometry

—_

Requirement to
achieve 1 ng/m

e
- ) ) As fast as your Common laser
* Suppression of Accelerations instrument beam
-1 s/ point

_ Near-Perfect

. eie acceleration

* Reduced Tilt Sensitivity SupsrEsston En

alignment in Atom

N . Interferometry
3¢ alignment

Ag cos(d) ® Ag (300 ng/m)

UK
Q Quantum Technology Hub o)
Sensors and Timing

Qe @ QUANTUM
@ "® TECHNOLOGIES




Solution: Gravity Gradiometry

Excited-state population

interferometer 1

Excited-state population
interferometer 2
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Phase interferometer 1

Nature volume 602, pages590-594 (2022)

Q

UK
Quantum Technology Hub
Sensors and Timing

Common laser
beam

Near-Perfect
acceleration
suppression and
alignment in Atom
Interferometry

i\ |
W @ QUANTUM

® TECHNOLOGIES


https://www.nature.com/

Enabling Gravity Cartography

Soil compaction Bu1ilg(i)ngs
- Relevant to a range of 0D . e —

applications, including: e St
Aquifers W
(<20 E, not to scale)

« Water monitoring Tiififieks
(<150 E)

>
i e —

e

Future gravity
cartography

500l moisture
(<30 E)

* Infrastructure
* Archaeology Surface
 Agriculture

» Navigation

Subsurface

Nature volume 602, pages590-594 (2022)


https://www.nature.com/

Gravity Sensors for Navigation

Satellite-derived Motivation: GNSS Vulnerabilities

Time and Position:
A Study of Critical
Dependencies

Reduced precision in cluttered spaces
Does not work indoors, underwater, or underground

Can be easily jammed or spoofed

Ga-\ter nmert
Cffice for Science

~7% GDP

Collaboration: physics, materials science, electrical engineering, industry

Q Quantum Tech_nc_>|ogy Hub .9 quaNTUM
Sensors and Timing ~  ® TECHNOLOGIES




Schematic Setup of a Quantum Navigation 4
SyStem DLR

______ ~ Time Time
\
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Market Roadmap for Quantum Navigation Systems #

DLR

Cost and regulatory requirements as key drivers

Autonomous ships and :
Autonomous vehicles

Strategic platforms ,
glcp underwater vehicles

2030 2040 2050
Unit cost xM€ XXXk€ XXXE
Market xXM€ XXXM€ XXXXXM€

volume




Quantum 2.0 for Navigation and Time

Quantum clocks are powering current global satellite navigation systems

Navigation
Impact: 5-10% of GDP

. Credit: ESA

Synchronisation



GNSS critical dependencies

Need for independent alternatives

UNTERNEHMEN & TECHNOLOGE
64 Satelliten

inich? |
Wo binich? |
Satellitensysteme wie GPS steuern Wirtschaft '

und Verkehr. Nun werden sie groffliichig gestort -
und der Westen arbeitet an einer Alternative

UK Blackett
Report
2018

TEXT ’
Thomas Kunhn

e

NATIONAL

FEDERAL REGISTER

The Daily Journal of the United States Government
ARCHIVES

ANz NN NN 777 S . Presidential Document ll

Strengthening National Resilience Through Responsible Use
of Positioning, Navigation, and Timing Services

A Presidential Document by the Executive Office of the President on 02/18/2020 \‘ v

Wirtschaftswoche 10, 2024

i DLR

Satellite-derived
Time and Position:
A Study of Critical
Dependencies
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Microwave clocks (old) and optical clocks (new) Vo

Optical clocks allow higher precision and faster synchronization

Microwave clock Optical clock

A A
[ | \

Atomic oscillator

Frequency counter Frequency counter

Laser i ESE——
’%”%”% «— Quartz «— — = — light > — %’%‘%

microwave

Disruptive: 100x better synchronisation as compared to GNSS
Lower phase noise than Quartz-oscillators




1000 I, 1 kW, £1M

100 I, 100 W, £100k

101, 10 W, £10k

100 ml, 100 mW, £1k

So far: “linear” relationship between SWAP-C and stability

Why are Optical Clocks Disruptive?

Optical Lattice or

: lon Clock
Today: Lab/TRL3
o . | |
: \@’b Optical Vapour
e | Cell Clock
& ~ Today: Lab/TRL3
""""""""""""" ;o&” 1 Cs Re]arence
fg@b Cldcks
i\&o 1
N Rb Clocks
S |
- @ Miniature Rb b
| GNS$ accuracy
5G requirement
1pus 1ns 1 ps

Deviation/day after Synchronisation

i DLR



Why are Optical Clocks Disruptive? Enm

So far: “linear” relationship between SWAP-C and stability

Optical Lattice or

; ; ; ; lon Clock
10001, 1 kw, £1M Today: Lab/TRL3
B N (2
| L . Optical Vapour  gtical Lattice or
1001, 100 W, £100k ; & . Cell Clock lon Clock
5 & ~ Today:Lab/TRL3  potential : 2035
"""""""""""" ;%;‘o“*"' i GCs Rejarence
L & Cldcks Optical Vapour
101, 10 W, £10k & | ~ CellClock |
’ ’ s ALl . Potential: 2030 | Robust enough for
< ' ; ' .
(¥ winiature R o fot .t mobile platforms
i . | Optical Vapour
CSAC 100.000 x better | Cell Clock _ .,
100 ml, 100 mW, £1k | e Potential: 2040 ~——f—, 100 times ,better
GNS$ accuracy ! than GNSS
5G requirement
1 us 1ns 1ps

Deviation/day after Synchronisation




DLR-QT Optical Clock Technology

lodine optical vapour cell clock

Table 1 Summary of the key figures of the different optical clock technologies, together with the corresponding figures of the Galileo RAFS and PHM

DLR

GPS Solutions (2021) 25:83
https://doi.org/10.1007/510291-021-01113-2

Galileo RAFS Galileo PHM Ca beam 1, MTS Eh MTS Eb TPFT Sr Lattice clock  Ca single ion clock
References Orolia datasheet  Leonardo data-  Shang er al. Schulde et al. Zhang et al. Martin et al. Bongs et al. {Delehay and Lac-
(2016} cheet {2017) (2017} (2017); Déringe ~ (2017) {2018) (2015); Origlia  route 2018; Cao
shofT et al, etal (2018 etal. 2017)
(2019)
Frequency stabil- | s ax 10" 2% 107" Sx 107 6x 107" 1% 10714 4x10M /s n/s
ity (in RAV 10s 1x 107" ax 1o 2x 107 3x107% 4x 1071 1% 107" 13107 fx 107
@ integration > Ix 107 Tx 10 5x 107 2% 10715 3310715 4x 1074 4% 107 2% 107
time 1)
1 s B 10 b [ 2x 10 2107 nfs 1107 L 107 A 1071
10 s Ixip Tx 1 nfs 3k 107'd nfs sxloh 4x 10" 2 107"
10F = Long-term Long-term nfs <2 10 s s n's nis
1 5 drift= 107"/ drift= 107"/ nfs n's nls n's nfs nfs
Longest reported S day 1600 700,000 600 180,000 30,000 30,000
(continuous)
T (5]
Clock transition frequency/wave- 6.8 GHz 1.4 GHz 657 nm 532 nm 420 nm TT8 nm 6498 nm 729 nm
length
Clock transition natural linewidth 0.4 kHz 300 kHz 1450 kHz 330 kH= tmHz 140 mHz
SWaP Budgets®™®  Mass (k) 34 182 n/s 21 4100 1044100 12°4 10° <230 n's
Power (W) £ al’ n/s 44 4 66" 20 4 66" 25° 4 6A" n's nfs
Valume (1) 3.2 26.3 300+ 7" 3+7° /s 8+ 7" < 1000 540
Complexity # Lascrs n'a nfa 2 5 il
Vacuum chamber Yes Yes Yes
Cavity pre-stabi- nfa n/a Yes Yes Yes
lization
TRL 9 9 4 4 4
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Credit: ENISA J 5 y Credit: DLR EE&H _”_‘:N:
Communication 3D Radar

Credit; ESA
. 9
\ |

Satellite Navigation Autonomous Vehicles




2021-07-22 Uob GK000

Noise limitations 1n radar

Radial Velocity of target 3800 |
--* ————» -------’ -* 2000}
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Dense Urban Environment gosil
4 Power Quantum oscﬂlatorg provide
dB _ improved phase noise and
[ ] SNR qgai Thermal noise floor = mm - .
gain therefore improve the
«— Clutter

Return sensitivity of the radar in

: high clutter regions
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Discrimination via Micro-Doppler

Rotary wing vs Fixed Wing

track_2019-09-04-10-2247.048_ID1135 (type = DJI Inspire 2)
Rar m

Doppier frequency (Hz) {velocity (mvs)

track_2019-12-1612:2008.211_ID2935 (type = Blackstart)
Rar m

Dopper frequency (Hz) /velociy (m's)

IS

Quantum Enabled Radar Data Challenges v0.1



Discrimination via Micro-Doppler

Opportune targets — Light aircraft vs large bird

track_2019-11:29-11-50-05.024 1D11220 (typo = Aircraft)

5.02:
Range 23064988 m

track_2019-11-29-11-50-05.024_ID38089 (type = Bird)
Range 2400-2519 m

Doppler frequency (Hz) / velodity (mVs)

Quantum Enabled Radar Data Challenges v0.1



Radar Improvement with better Oscillator — Drone Tracking

Small Drone Tracked by two radar

Side-by-side comparison: Tracker output

Radar#1 Radar#2
Purple lines Yellow Line - Better Phase Noise

DJI Mini Mavic 2

Wy @ QUANTUM
® TECHNOLOGIES

UK
Q Quantum Technology Hub
Sensors and Timing



Thank you for your attention

Questions?

£1M

£100k

£10k

£1k

£100

£10

£1

Laboratory

Operational Environment

Outdoors / static

Hot air balloon

Aeroplane

_JOIVIORNOL
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XXXXM

xxXxM Q

Magnetometers
Gravimeters
EM sensors

Clocks



