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@ OUTLINE

1 Space clocks: overview, evolution and performances

(d GNSS systems: space clocks and their applications

[ Space clocks basics: how to build one?

 Quantime research overview

THE UNIVERSITY OF - 2

At esiences Workshop on Synchronization and Timing Systems (WSTS) | May 12-15, 2025 | Savannah, GA



WHAT IS AN ATOMIC CLOCK?

Interrogation

Atomic Macroscopic
resonator | oscillator

Servo loop

Spectroscopic (correction)

signal

“Adjust and maintain the frequency of an oscillator to a reference
atomic transition frequency.”

» T. Bandi, Invited Review, BEMS Reports. 9(1):1-10, 2023.
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| SPACE CLOCKS OVERVIEW

SWaP: Size, Weight, and Power

Passive Hmasr' (Galileo) DSAC (NASA-JPL)

SH M (Saf r'an)
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S| SPACE CLOCKS OVERVIEW

10MHz O/Ps Power I/P

T™ O/Ps

.__.-———' Quter shield

Physics Package

/-\\-;111 3 magnetic shields

Temperature Controller s “ ‘ ll (NGVIC, ISRO)

DDS + Lockin
OCXO + Synthesizer

: .._______ IRAFS baseplate
(S/C interface)

. COMPASSO
(DLR)

Space CSAC (Microchip)
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| SPACE COMBS (L]

Optical Frequency Comb + Clocks in Space

¢ Onboard sounding rocket
(12.5g), range ~77 km.

¢ Tested in microgravity for
360 s.

» Two atomic clocks —
optical D2 transition in
Rb, and CSAC (133Cs)
clock, referenced to comb
teeth, measuring le-11 at
100s.

4

L)

L)

M. Lezius et al., Optica, vol. 3, no. 12, 2016.

¢ Next planned Menlo comb launch in 2026, onboard COMPASSO mission (target 1e-18
levels) to MEO.
% 6.5L,7.5kg, 35-55 W, rad hard 1kGy (>10 y life).
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GNSS SYSTEMS & ONBOARD CLOCKS

GNSS Countries involved

Global Positioning System (GPS)

Galileo

Global Navigation Satellite System
(GLONASS)

BeiDou Navigation System (BDS)

IRNSS/NavIC
Navigation with Indian Constellation

Quazi-Zenith Satellite System
(QZSS)

THE UNIVERSITY OF

Onboard Clocks

Cesium beam clock,
Rubidium clock

Rubidium clock,
Passive Hydrogen Maser
(PHM)

Cesium beam clock,
Rubidium clock

Rubidium clock, PHM

Rubidium clocks

Rubidium clock,
Quartz Oscillator
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APPLICATIONS OF SPACE CLOCKS

L. Romans

S

% GNSS *

Beidou Iridium

N Self-Driving
P ) Car
Credit: ASPIN
Laboratory at UC
repeated for several . .
different quasars Signal Landscape RlVGI'Slde

Map and

separation (accurate to 2 cm)

,:, VLBI Fusion Center

Images credit: Internet
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| APPLICATIONS OF SPACE CLOCKS

¢ Accurate predictions
oWeather

o Earth quake real-time monitoring
o Cyclones

o Atmospheric humidity analysis

s Aviation

NAVSOP

* Precise science
experiments
on ground and
space

Nautrina-Strahl
730 km

2,4 ms

* Military uses

<+ And....

MANY MORE !!
Images credit: Internet, various sources

THE UNIVERSITY OF
College of

A ¢ scences: Workshop on Synchronization and Timing Systems (WSTS) | May 12-15, 2025 | Savannah, GA 10




SPACE CLOCK BASICS: HOW TO BUILD ONE?

Space Clock requirements & specifications

Parameter

Definition/Remarks
Two outputs with 50 dB isolation
between them 10 MHz
Output Power Two identical outputs +10 £1 dBm
Maximum frequency offset after
Frequency Accuracy 6 hours of warmup under Less than £1x10°
vacuum conditions
After 6 weeks of continuous
Frequency Drift operation under operating Less than +5x107'3 / day
environmental conditions

Parameter Name Specification

Output Frequency

T in seconds oy (1)

12
At any fixed temperature in 1 <5x10
10 < 1.5x1012

F Stabili operating temperature range of -
requency Stability P g ° p € g 100 < 5x10-13
5°Cto+15°C
1000 <1.5x1013
10000 < 5x10'* (drift removed)

Offset from Fo (Hz) dBc/ Hz
- _ 1 -85
Maximum allowed Single 10 -100

lSldeband spec.tral density 100 125

induced on carrier shall not
exceed the mentioned values 1000 -135
10000 -145

100000 -145
Bandi et al. GPS Solutions. 26:54, 2022.

Phase Noise

11
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SPACE CLOCK BASICS: HOW TO BUILD ONE?

Space Clock requirements & specifications

Frequency Temperature
Stability

Frequency variation due to base
plate temperature variation

Temperature coefficient less than
+1x107"3/°C.

Operating Temperature
Range

Measured at the Satellite base
plate

Satellite base plate operating temperature
shall be in the range of -5°C to +15°C

Frequency
Sensitivity

Magnetic

Magnetic sensitivity is measured
at the physics package level or at
the complete clock level

Frequency variation due to magnetic field
variations should be less than
+1x10'3/Gauss

The static magnetic field up to 2.5 Gauss
shall also be permissible as long as the
sum of static and dynamic magnetic fields
shall not exceed 2.5 Gauss

Power consumption

Required power output of the
EPC

<80 W (Warm up)
<40 W (Steady State)

Power Supply Stability

Frequency variation due to power
supply variation

Less than 3 x 10714/V.

Target mass and

volume

Includes core RAFS and EPC

<10 kg
<20 liters

Input rawbus voltage

from spacecraft bus

28V to 42V

Onboard
(TM)

Telemetries

Continuous output of TMs
required to monitor onboard clock
health

Clock ON/OFF; Light voltage; Signal
voltage; Lock/Unlock; Base-plate
temperature; Lamp inner temperature;
Cavity outer temperature; Lamp input
current; OCXO control voltage

Bandi et al. GPS Solutions. 26:54, 2022.
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. SPACE CLOCK BASICS: CONSIDERATIONS *

» Thorough characterization of the clock parameters
» Long-term ground tests (independent, stand-alone and integrated, w/ spacecraft)!
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IRAFS : ARCHITECTURE
IRAFS: Indian Rubidium Atomic Frequency Standard

TEMPERATURE CONTROLLER (TC)

Lamp Cavity BP ‘ 4 - — Power supply to TC —— Ana|og

: : Power Supply to CC T Optlcal
I | Digital

v ‘- —-— Power
Combined Card (CC)

£-field coil
Power Resonant Cavity

supplyto | i , Optics & | Photosignal Pre- | { 5
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Rb cell ‘ > Detector amplifier | TM

Telemetries
(T2)

package |

Y r———————— C-field current ‘
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Reference signal
1o Modulator (@ ===5=----» & - — Power Supply to <« - — RawBus
' DDS + Lockin
Harmonic I' -
I I = Reference
D DS ‘ Signal
-. L e J Power supply ¢— -

Error signal Telemetries
amplifier & & n—l)

L Telemetries
DDS & Inle:?:tor TM = *’ (T3)
LOCK-IN AMPLIFIER

13XIA

EPC On/Off
Telecommand

Synchronous
detection

<

H3IZISIHLINAS 44

OCXO control
voltage

ocxo :_ ie—+=—+=—+—.—.— . —Power Supply to OCXO

10 MHz output to RFS - 10 MHz clock output

Supply to
RFS

Bandi et al. GPS Solutions. 26:54, 2022.
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SPACE CLOCK BASICS: CHALLENGES

1883 0C
183.3
178.2
| 51-51 173.2
39.7 168.2

WA= 163.2
23—:

158.2
153.2
148.2
143.2

17.3

12.7
9.18
638

417 138.2

2,44
1ID? ;
4.71e-07

Cutplane Marme: Cross Section A
Cutplane Marmal: 0,1, 0 x

Cutplane Position: 0

20 Maxiram [Afm]: 51.52
Fregquency: 6.83572
Phasze: 11.25

Kaintura et al. Rev. Sci. Instrum. 90 (084701), 2019.
Bandi et al. TUFFC. 69 (4):1563, 2022.
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SPACE CLOCK BASICS: CHALLENGES

Melted Indium Pool

Bandi et al. TUFFC. 69 (4):1563, 2022.

THE UNIVERSITY OF 16

At esiences Workshop on Synchronization and Timing Systems (WSTS) | May 12-15, 2025 | Savannah, GA



X-ray prior to bonding & Operation X-ray post bonding & Operation 200 cycles

Bandi et al. TUFFC. 69 (4):1563, 2022. No frequency jumps with the IRAFS
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JZE IRAFS : HARDWARE

10MHz O/Ps Power I/P

T™ O/Ps
e —
$ .—*—;’— Outer shield
= | Physics Package

/\\-uh 3 magnetic shields

Temperature Controller

DDS + Lockin

OCXO + Synthesizer

e e IRAFS baseplate
& . (S/C interface)

High-end OCXO designed &
developed at Bengaluru, India.

In support & directions from
ACD, SAC-ISRO

Bandi et al. GPS Solutions. 26:54, 2022.
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SPACE CLOCK BASICS: CHALLENGES

LI

L

The IRAFS successfully passed the vibration tests and
there was no difference in pre and post test results.
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—— Subjected levels (Input g, = 11.77g)
—— In-plane response (Output g, s = 18.579)

Power spectral density [glez]
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Power spectral density [gz/Hz]
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Vibration frequency [Hz] Bandi et al. GPS Solutions. 26:54, 2022.
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| SPACE CLOCK: LAMPS LONG-TERM TESTING fﬁ |

M| M’ m[ I e
Rubidium scattered
on bulb surface

Rubidium concentrated
on single spot

an|b rewusay |

Rigorous long-term testing (1 year) at various operating conditions
Kesarkar et al. J. of Thermal Analysis and Calorimetry. 147:10049-10056, 2022.
Ai¢scences: Workshop on Synchronization and Timing Systems (WSTS) | May 12-15, 2025 | Savannah, GA 20
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ﬂ. SPACE CLOCK: LAMPS CALORIMETRIC STUDIES

For reference

i SN For sample '
Nitrogen ~ 2 1/
cylinder | N / _ | AH_ _=25.64 J/g
E0 éi ¢ Q... = 40.28(1.03) mJ
M., = 1.57(0.04) mg

Chiller
controller

Rb melting
endothermic peak

Heat flow/mW

Shaded area = Qg ¢

40.5 41.0 415 42.0 42.5
Temperature/°C

Rb onsumption rate: 0.64#gN Ar

Kesarkar et al. J. of Thermal Analysis and Calorimetry. 147:10049-10056, 2022.
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ﬂ CLOCK ATOMIC SIGNAL

O DR data (IRAFS PP)
—— Larentzian fit
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_ Centre Freq. = 6.8346909244 GHz
Shot Noise(Ng.1) = 2.38E-12 A/NHz L § |Amplitude = 448 nA

Shot Noise limit(og,) at 1s = 4.67E-13 ¢ 3 [Linewidth =849 Hz
- &  |Discr = 528 pA/Hz
Contrast = 2.5%

6.834686 6.834688 6.834690 6.834692 6.834694
g 9
Microwave Power (x10 Hz)

= Short term stability:

= Shot-noise limit: <5x10-13 ¢!/
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I ﬂ CLOCK FREQUENCY PERTURBATIONS

_ ’ 2 2 2 2 2
Ooverall = _|OLr¢c * Ocrc + Omps + Ocrc + OLsc

Perturbing parameter Coefficient of | Measured Estimated

perturbation variation stability limit
at10*s at10*s

Lamp Temp. Coefficient (LTC)
C-Field current Coefficient (CFC) 1.24x10°1°

Light Shift Coefficient (LSC) 1x10"" /%
Overall Instability Limit (@10,000s)

Bandi et al. GPS Solutions. 26:54, 2022.
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- - - NavlC/IRNSS Specs

—— IRAFS [NavIC]

—— IRAFS PP Shot-noise limit
—4@— SpT/Airbus RAFS

—h— Excelitas(GPS) RAFS
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1 2 3 4
10 107 10 10
Averaging Time [s]
Bandi et al. GPS Solutions. 26:54, 2022.
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@ QUANTIME LAB

We investigate
basic precision quantum
physics principles &
develop niche timing,
frequency, and
navigation tools.
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r ‘ QUANTIME LAB fﬁz
n -

What we do?

Precision Timescale
Filters & Algorithms
Optical atomic clocks
Quantum metrology

Safe GNSS methods
Synchronization schemes
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How we do?

v" Well trained students in PNTF research
v" Collaborations with diverse expertise
within UA

i < o Y

I | ) |
Je %
{ |
nk H
) |
R |
v |
|

v Industrial collaborations
v" Collaborations and links with
Government labs
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r I QUANTIME LAB RESEARCH
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‘ ﬂ CONCLUSION AND PROSPECTS ﬁ

» Space clocks are ubiquitous for everyday applications

“* — dependence is only increasing.... 5G, 6G and beyond...

» Rb clocks continue to be reliable space clocks, ion clocks and optical

clocks are making their way....

» Quantime Lab PNTF research and training... next-gen workforce.
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https://Quantime.ua.edu

Contact: tbandi(@ua.edu

ACGEPT

AIbmaCIIbt fCtmp ary
Education in Precision Timin

K *'1'%;& “1-. ‘ N ..
National Institute of » / [y } - — SAF RAN
dards and Technol ;
s Dearmen of Commerc et S MICROCHIP
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