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Outline

e Ranging and formation missions — required range

 Ranging architecture comparison — retro-reflector vs. active
transponder

e System architecture
e Comparison to full-size missions
e MGRS — Stanford’s drag-free implementation
 Small satellite ranging-precursor missions at Stanford
— UV-LED (2013)
— Caging on zero-g (2013) (3u)
— DOSS (2014) (2u)
— Drag-free cubesat (2015) (3u)
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Ranging Missions

* Low unit cost for Cubesats make them an attractive choice for formation-flying missions
e How do we increase the position accuracy towards that of larger ranging missions?

___ Name | Tyee | Positionaccuracy

LISA Ranging 10 pm

GRACE (non-laser) Ranging 2um
GRACE-II Ranging 50 nm
DTUsat (non-laser) Formation, cubesat 1 mm
CanX-4/5 (non-laser) Formation, cubesat 10 cm

\
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m Architectures: Retro-Reflector vs. Transponder
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, Optical power at master satellite receiver vs. inter-satelite range
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Remote Spacecraft

Corner cube

Photo detector —_

Phase meter _ =
Secondary mirror

e Corner cube assy. takes <1/4 U
 Remainder of s/c is available for

e Laser and telescope assembly: 1to1.5U payload use including ADACS and
e Space available to add ADCS, or cavity to thrusters
improve laser frequency stability e LEDs and PDs for initial beam

acquisition and alignment
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EE8 CubeSat vs. Full-Size Architecture

E-LISA Mission Stanford Ranging Architecture

T e T o | e
Laser source 1064 nm stabilized 1064 nm stabilized (free runn:li?\240r;2n:tabilize d)
Output power 2W 30 mW 10-20 mW
One-way received power 360 pW 2000 pW 1500 pW
Aperture diameter 38 cm 1.5cm 2cm
S/C to S/C Distance 5x10° km 200 km 100-200 km

Drag free (with MGRS)
Range-locked (formation)
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L Doppler and Laser Frequency Noise

. . . . v
* Dominant error source is relative velocity between s/c — Doppler term f, = ==

— 2 m/s vp results in ~2 MHz shift in fj,c. = resolution limited to ~1 mm at 200 km range!

— A few ways around this:
* Offset phase-locked transponder, proposed for GRACE-II: freterodyne= ftransponder + 2fp [8]
* Time domain interferometry, used for LISA [11],[12]

— Ultimately requires laser source on each s/c to deal with the Doppler problem

* Use of a free-running laser: second dominant noise source
— ~10 uM at 200 km range@1Hz frequency

o Frequency noise spectrum of NPRO laser, 1064 nm Pathlength error due to laser frequency noise, P, = 10mW, f= 1 Hz
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Secondary Noise Sources

* Other noise sources: USO, TDI algorithm residuals, shot noise, etc.
Jl(n(m)mma)

2 2m

fim

he
AnpP

= dospor = dpyso = fveatnote [13]

* Bystabilizing the laser with a cavity, USO and TDI residuals become dominant
* Thermal effects on optical chain — limit performance further to 50-100 nm range

’ Free running laser best performance, f=1Hz, P=10mW & Cauvity stabilized laser best performance, f=1Hz, P=10mW
10 10

Transponder
Retro-reflector

Transponder
Retro-reflector S —

L L] ] L]

10°

10°

10 //

10

Best measureable range (m)
\\\\ \
\ N
Best measureable range (m)

~

]

=TT

=ilil

10" 10

-8 -12
10 10
0 50 100 150 200 250 300 350 400 450 500 0 50 100 150 200 250 300 350 400 450 500

Intersatellite range (km) Intersatellite range (km)

10t Cubesat Developer’s Conference, Cal Poly SLO, April 24 2013



Drag-free error budget

1) ||—total calibrated
) 'r".a stiffness
- safy i',ra .
VAR A BT calibrated
11

! i"- f‘-}ﬁv -=-SC mag fluct
f lﬁ“.,"".f‘,&..f-
P

4-—SC grad fluct
“7ll—ac mag
—sensing
||—radio
---rad pressrue
—grav SC
—dpatch x q
1/-—patch x dg
__total
uncalibrated

. -3 I.z A 0
10 10 10 10 10
frequency (Hz)

Spinning
spherical Test Mass

\ Housing

(metrology reference)

i i D= —

10t Cubesat Developer’s Conference, Cal Poly SLO, April 24 2013



UV LED Small Sat Demonstration
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Scheduled for launch in Nov. 2013
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2U CubeSat
Raise Shadow Sensor TRL

Test attitude control
algorithms

Completion: Late 2013
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Optics and
Payload Processor

Motor Drive

Electrical Power System

Courtesy A. Zoellner




e Clamp proof mass during launch with >200 N force
e 13.5:1 gear ratio
e Currently being tested on NASA Zero-G (Eric and Andreas are in Houston right now)

Courtesy E. Hultgren, A. Zoellner
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Drag Free Cubesat
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e 3U CubeSat

e Full MGRS demo

e Completion: Late 2015
e Research goals:

Thruster
Star Tracker
Caging System
Payload with
Test Mass
Shadow Sensor
UV LED
Motherboard, CPU and Radio
Electrical Power System
Thruster

— Drag-free control algorithm
— On-orbit performance evaluation of MGRS

— Performance goal: 10712 m/sec?Hz/2 (for geodesy)
Courtesy A. Zoellner
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L Conclusions and Next Steps

Drag-Free Caging
System

2013

UV LED Sat DOSS Sat Drag-Free Cubesat Inter-satellite laser
| ] ranging
November 2013 Late 2013 Late 2015
(launch) (completion of EM) (completion of EM) Late 2017

e Plan to fly several small satellites and cubesats in series to prove out
technologies step by step

e Laser ranging — next step is to build an optical breadboard model of
ranging architecture and measure actual performance, and to build more
detailed analyses of second order noise sources
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